
DISS. ETH NO. 21960

Discrete element modeling of
triggered slip in faults with

granular gouge: application to
dynamic earthquake triggering

A thesis submitted to attain the degree of

Doctor of Sciences of ETH Zurich
(Dr. sc. ETH Zurich)

presented by

Behrooz Ferdowsi

M.Sc. in Civil Engineering, Tehran Polytechnic

born on 13.06.1985
citizen of Iran

accepted on the recommendation of

Prof. Dr. Jan Carmeliet, examiner
Dr. Michele Griffa, co-examiner

Dr. Paul A. Johnson, co-examiner
Prof. Dr. Xiaoping Jia, co-examiner

2014



Abstract

Recent seismological observations based on new, more sensitive instru-
mentation show that seismic waves radiated from large earthquakes can
trigger other earthquakes globally. This phenomenon is called dynamic
earthquake triggering and is well-documented for over 30 of the largest
earthquakes worldwide. Granular materials are at the core of mature
earthquake faults and play a key role in fault triggering by exhibiting a
rich nonlinear response to external perturbations. The stick-slip dynamics
in sheared granular layers is analogous to the seismic cycle for earthquake
fault systems. In this research effort, we characterize the macroscopic
scale statistics and the grain-scale mechanisms of triggered slip in
sheared granular layers. We model the granular fault gouge using three-
dimensional discrete element method simulations. The modeled granular
system is put into stick-slip dynamics by applying a confining pressure
and a shear load. The dynamic triggering is simulated by perturbing
the spontaneous stick-slip dynamics using an external vibration applied
to the boundary of the layer. The influences of the triggering consist
in a frictional weakening during the vibration interval, a clock advance
of the next expected large slip event and long term effects in the form
of suppression and recovery of the energy released from the granular
layer. Our study suggests that above a critical amplitude, vibration
causes a significant clock advance of large slip events. We link this clock
advance to a major decline in the slipping contact ratio as well as a
decrease in shear modulus and weakening of the granular gouge layer.
We also observe that shear vibration is less effective in perturbing the
stick-slip dynamics of the granular layer. Our study suggests that in
order to have an effective triggering, the input vibration must also explore
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the granular layer at length scales about or less than the average grain
size. The energy suppression and the subsequent recovery and increased
activity period in our model explain the abundance of observations that
support the hypothesis of the delayed dynamically triggered earthquakes,
as well as provide clues for improving the methods for identifying triggered
earthquakes. The results of our simulations also provide a physical basis
for the methods suggesting time intervals of increased hazard following
the occurrence of major earthquakes.



Zusammenfassung

Letzte seismologischen Beobachtungen auf der Grundlage neuer, empfind-
licher Instrumente zeigen, dass seismische Wellen von grossen Erdbeben
abgestrahlten anderen Erdbeben weltweit auslösen. Dieses Phänomen
wird als dynamische Erdbeben Triggerung und ist für mehr als 30 der
grössten Erdbeben weltweit gut dokumentiert. Körnige Materialien sind
der Kern der reifen Erdbeben Fehler und spielen eine Schlüsselrolle
bei der Fehler Auslösung durch eine reiche nichtlineare Reaktion auf
externe Störungen aufweisen. Die Stick-Slip-Dynamik in gescherten
Körnerschichten ist analog zu der seismischen Zyklus für die Erd-
bebenstörungssysteme. In diesem Forschungsaufwand charakterisieren
wir die makroskopischen Skala Statistiken und die Korn angelegten
Mechanismen ausgelöst Schlupf in gescherten Körnerschichten. Wir
modellieren das granulare Fehler Beitel unter Verwendung von dreidi-
mensionalen diskreten Elemente-Methode -Simulationen. Die model-
lierte körnigen System wird durch Anlegen einer Druckbelastung und
einer Scherbelastungin Stick-Slip Dynamik gesetzt. Die dynamische
Ansteuerung wird durch Stören der spontanen Stick-Slip- Dynamik
unter Verwendung einer externen Vibration auf der Grenze der Schicht
aufgebracht simuliert. Die Einflüsse der Auslösung einer Reibungss-
chwächungbestehen während der Vibration Intervall eines Takt vor dem
nächsten erwarteten grossen Schlupfereignis-und Langzeitwirkungen in
Form der Unterdrückung und der Rückgewinnung der Energie aus der
körnigen Schicht freigegeben. Unsere Studie legt nahe, dass oberhalb einer
kritischen Amplitude, Vibration verursacht einen erheblichen Uhr vor der
grossen Rutsch Veranstaltungen. Wir verbinden diese Uhr vorab zu einem
grossen Rückgang der Rutschkontaktverhältnissowie eine Abnahme der
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Schubmodul und Schwächung der GranulatschichtBeitel. Wir beobachten
auch, dass die Scherschwingung ist weniger wirksam bei der Störung der
Stick-Slip- Dynamik der Körnerschicht. Unsere Studie legt nahe, dass, um
eine effektive Auslösung haben, die Eingangs Vibrationen muss auch die
Körnerschicht erkunden bei Längenskalen zu oder weniger als die mittlere
Korngrösse. Die Energie, die Unterdrückung und die anschliessende
Erholung und erhöhte Aktivität Zeit in unserem Modell erklären, die Fülle
der Beobachtungen, die Hypothese der verzögerten dynamisch ausgelöst
Erdbeben, sowie Anhaltspunkte für die Verbesserung der Methoden zur
Ermittlung ausgelöst Erdbeben zu unterstöutzen. Die Ergebnisse unserer
Simulationen bieten auch eine physikalische Grundlage für die Methoden
darauf hindeutet, Zeitintervalle der erhöhten Gefahr nach dem Auftreten
von grossen Erdbeben.
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of Building Physics at ETH Zürich. I am very grateful to Prof. Dr. Jan
Carmeliet, who gave me the opportunity to work on this interesting and
challenging project. Jan always encouraged and continuously supported
me in trying new and novel approaches toward understanding the behavior
of granular materials. Jan’s enthusiasm for and interest in a broad
but connected areas of scientific research inspired me to look at my
research work from a bigger perspective. I enjoyed many hours of fruitful
discussions during these past years and learned and benefited significantly
from Jan’s vision, guidances and advices. Jan’s contribution in the ideas
and methods developed in this research is clearly evident.

I thank my co-advisor Dr. Michele Griffa for all his very generous
supports and helps during the past years. I started my PhD work
on a research project that Michele had already prepared its essential
foundations. I started from the codes that Michele developed in the
previous years, and expanded the library of data pre- and post-processing
tools that Michele developed for the analysis. Without Michele’s generous
helps, supervisions and advices, it would not have been possible to reach
the stage where we are now within about three years. I also enjoyed many
fruitful discussions during our weekly update meetings almost every Friday
evening. The weekly meetings were unique opportunities and great helps
for me to overcome the numerical issues I faced and to find efficient and
fast solutions to problems I encountered or ideas I needed to implement

v



during the course of data analyses. Michele’s excitement and interest not
only in granular materials research but also broader topic of nonlinear
elasticity of materials will have a long lasting influence on me.

My PhD project had been situated in a collaborative project at the
Los Alamos National Laboratory (LANL), having Dr. Paul A. Johnson
as the PI of the project. During these years and within this fruitful
collaboration, I expanded my scientific interests, got introduced to many
novel methods for studying granular materials and earthquake faults
behavior and became familiar with several future potential research topics.
I especially thank Paul Johnson, Robert Guyer, Chris Marone and Eric
Daub for their helps and continuous supports and for fruitful discussions
we had. I also had the opportunity to attend twice the International
Conference on Nonlinear Elasticity in Materials (ICNEM) in 2012 and
2013. At these events, I met renowned scientists with diverse research
interests. The ICNEM conferences helped me to get to know a broad
range of topics and their applications in geophysics, earth and material
sciences. I would like to thank the organizers of ICNEM for bringing such
an excellent team of scientists and researchers together at the occasion of
those events. The earthquake triggering workshop at the Pennsylvania
State University (November 2013) was another unique opportunity to
know people of the research team and to learn about topics that need
extended research efforts.

I would like to thank Jan and Michele for giving me the great
opportunity and support for attending several conferences during the
course of my PhD research work. I also thank the organizers of the
Les Houches physics school for giving me the opportunity and support
to attend their Materials deformation schools in 2012 and 2013. These
events were excellent places to meet, talk and know renowned scientists
in a variety of topics related to computational and experimental physics
and materials sciences.

I thank Dr. Paul Johnson and Prof. Xiaoping Jia for accepting to
review my dissertation and Prof. Dr. Anagnostou for accepting to be in
my examination committee.

I thank Martina Koch at Empa for her administrative support. I am
grateful to Andreas Rubin for designing the nice cover of my thesis book.
I also thank my colleagues at Empa for the time we spent together.

I am grateful to Jim Jenkins, Luigi La Ragione and Vanessa Magnan-



imo for their encouragements, for providing me the first DEM code I used
during my Master of Science studies and for helping me to get familiar
with this numerical technique and its scientific applications.

I thank D. Weatherley and S. Abe for support during the implementa-
tion of the DEM model in the ESyS-Particle code and D. Passerone and C.
Pignedoli for help related to the use of the high-performance computing
cluster (Ipazia) at Empa. This PhD research work was supported by the
Swiss National Science Foundation (Projects No. 206021-128754 and No.
200021-135492).

During my stay in Switzerland, I had great pleasure watching movies
and documentaries at arthouse theaters and also on the occasions of Zürich
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Chapter 1

Introduction

1.1 Background

Dynamic triggering of earthquakes by seismic waves is a robustly observed
phenomenon that is well-documented for over 30 major earthquakes
worldwide (Brodsky and Van der Elst, 2014). Recent observations
based on new, more sensitive instrumentation show that a majority of
earthquakes are dynamically triggered (van der Elst and Brodsky, 2010a;
Marsan and Lengline, 2008). Dynamically triggered earthquakes are not
only happening in the nearby of the source of the seismic waves that are
triggering them (other major earthquakes), but they are happening on
faults as far as 1000 km from that source. In several cases, the passage
of seismic waves, radiated by an earthquake, through other earthquake-
prone regions is accompanied by a delayed increase in the local seismicity
which can last over several months. The delay between the passage of the
waves and the increased seismicity can be up to days or even weeks. In
the latter case, seismologists usually talk of delayed dynamic earthquake
triggering.

That a large percentage of earthquakes are dynamically triggered has
profound consequences for seismology and earthquake hazard assessment.
There is also evidence of an increasing number of earthquakes triggered
by human activities, e.g., drilling for geothermal energy extraction and
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CHAPTER 1. INTRODUCTION

hydraulic fracturing (Ellsworth, 2013; van der Elst et al., 2013a).

These evidences suggest that even though earthquakes are natural
processes taking place in the earth crust and due to its deformations,
their occurrence can be enhanced by external activities and perturbations
which, partly, can be well characterized and identified in advance.
Earthquakes are among the most catastrophic events posing a significant
destruction potential in susceptible regions of the world. Most of the
earthquake-prone countries issue regional seismic hazard maps every
several years that provide regulations for urban and rural planning,
construction standards that need to be followed and emergency plans.
The observed phenomenology of dynamic earthquake triggering suggests
that the earthquake dynamics should not be analyzed and interpreted only
based upon the crustal deformation (plate-tectonics movements) but also
based upon dynamic interactions between the different earthquakes them-
selves and between earthquake-prone geologic faults and human activities
leading to the production of dynamic stressing. This phenomenology
calls for a completely new approach to earthquake hazard assessment,
where the probability of earthquake occurrence should not be based only
on the knowledge of the local stress state of a fault due to tectonic
movements but also on its history of dynamic stressing due to sources of
seismic waves. This means a paradigm shift in seismology and earthquake
hazard assessment: from a more local and isolated view to a more global
ones, where “cross-talks” between faults, even far away from each other,
should be taken into account. An essential part in such a paradigm is
a deep understanding of the physical controls of the dynamic earthquake
triggering phenomenon, just like in the past it was necessary to acquire an
in-depth understanding of static stressing of faults due to plate-tectonic
deformations.

1.2 Motivation

This PhD project is cast within the framework of an international
collaboration involving the Los Alamos National Laboratory (LANL),
the Pennsylvania State University (PSU) and the US Geological Survey
(USGS). It is strictly linked with a project at LANL titled “Dynamic
Earthquake Triggering, Granular Physics and Earthquake Forecasting:
Determining the Physical Controls”.
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1.2. MOTIVATION

Laboratory-scale experiments and seismological observations by the
team of scientist at LANL, PSU and USGS indicate that a key role
in dynamic earthquake triggering may be played by granular materials
accumulated at the core of a geologic fault, where rupture and slip occurs,
leading to the wear of the rock surfaces. Such wear, granular material
consists of fragmented pieces of rocks with a broad size range. It is usually
termed fault gouge. Fault gouge plays a fundamental role in determining
the fault’s frictional strength.

Granular layers exhibit stick-slip dynamics when they are subjected to
shearing, at sufficiently high confining pressures and low shearing veloc-
ities. The stick-slip dynamics of sheared granular layers is characterized
by cycles of increase in the shear stress on the layer, the so-called “stick”
phase, followed by a sudden drop in the shear stress, called “slip” event
(see figure 1.1).

The stick-slip dynamics in sheared granular layers is analogous to the
seismic cycle in the earthquake fault systems. Fault systems accumulate
strain energy during the interseismic period of the seismic cycle, just
as a sheared granular layer does during the stick phase of the stick-slip
cycle (Brace and Byerlee, 1966; Johnson et al., 1973).
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Figure 1.1: Shear stress signal during stick-slip dynamics of a sheared granular
layer.

The observations at the laboratory and field scales strongly suggest
that the nonlinear dynamical response of the gouge material is responsible
for triggering, although details remain unquantified. Direct access to the
earthquake fault gouge without changing its microstructure and loading
history is not possible. However, it is possible to characterize the granular
physics of triggering on laboratory scales using physical experiments and
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CHAPTER 1. INTRODUCTION

numerical simulations. Understanding and characterizing the behavior
of sheared granular layers in numerical simulations and laboratory
studies can thus provide important insight into the influence of the
physics of granular friction on faults’ behavior and dynamic triggering
of earthquakes.

In this PhD project, we aim at characterizing the granular physics
of dynamic earthquake triggering by numerical simulations. The ex-
perimental and field observations of the international team mentioned
above guided us in developing and implementing our model of granular
fault gouge. In our model, boundary vibration represents the seismic
waves radiated from another large earthquake that perturbs the stick-slip
dynamics of the modeled granular fault gouge. The path forward after
understanding the physical controls in the numerical and experimental
setups is to bridge to the earth scales by comparing statistics of
laboratory/simulation data with statistics of the earth observations and
by developing a new constitutive friction laws for fault systems based
on these data. The ultimate goal of the overall collaboration is to
obtain characteristic time intervals of increased earthquake probability
for particular faults in the earth taking into consideration the dynamic
stressing effects. Because large earthquakes pose serious risks to national
energy and economic security, the proposed work could have enormous
societal impact by forecasting the imminence of these events.

This investigation will also provide further understanding of the
behavior of marginally jammed frictional granular packings, a topic by
itself of much interest in physics and materials science.

1.3 Objectives of the research

The main objectives of this research are:

• understanding the granular controls of dynamic earthquake trigger-
ing and finding the influences of the perturbation on the stick-slip
dynamics of sheared fault gouges by performing discrete element
method (DEM) modeling and simulation of sheared granular fault
gouge.

• advancing the current understanding of the behavior of sheared
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granular layers.

• characterizing the wave and material properties leading to trigger-
ing.

• determining the statistics and duration of triggered failure versus
the background seismicity in the simulations.

• confirming whether there is long and short term influences of
triggering, with special focus on the evidence and mechanism of
delayed triggered earthquakes.

1.4 Outline of the dissertation

This dissertation consists of 8 chapters. Chapter 2 provides an in-
troduction to the basic ideas of plate tectonics and earthquake hazard
assessment, including an analysis of the risks associated with dynamically
triggered earthquakes. In that chapter, we introduce the dynamic
earthquake triggering phenomenon based on some recent, statistically
robust observational studies and discuss how understanding the granular
physics of slip triggering stays at the heart of the understanding the
earthquake triggering phenomenon. Some recent modeling efforts of
dynamic earthquake triggering is reviewed in that chapter along with the
topics which need further research.

In chapter 3, the discrete element method (DEM) modeling approach
that is used in this dissertation is introduced and the parameters used in
the numerical scheme are described. The loading, shear velocity-confining
pressure “phase space” that is explored for achieving stick-slip dynamics in
our model is presented. In addition, the parametric studies that have been
carried out for determining the influence of dimensional and mechanical
properties of the model are presented.

Chapter 4 is devoted to studying the reference (unperturbed by any
mechanical vibration) stick-slip simulations of our DEM model. We
introduce the basic behavior that we observe in the reference simulations
including the precursory activity before large slip event (the earthquakes
in our model) and the evolution of the elastic properties of the granular
layer during the precursory activity period. At the end of this chapter,
the energy budget of stick-slip events is calculated and discussed.
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CHAPTER 1. INTRODUCTION

In chapter 5, the influences of a single vibration interval, during
and after its application are presented. Vibration is introduced in the
DEM model to simulate the dynamic stressing produced on the modeled
fault-gouge system by a passing elastic wave. During the vibration
interval, the influence is in the form of frictional weakening of the granular
layer. Shortly after the vibration interval and depending on the vibration
amplitude applied, we may observe a clock advance of the next expected
large slip event. For those events occurring with a clock advance, the long
term influences of vibration are studied with regard to the changes in
the cumulative energy release from the granular layer and the recurrence
statistics of large events.

The influences of multiple or successive triggering vibration intervals
are presented in chapter 6. The evolution of the recurrence time and
energy release from the granular layer when we have multiple triggering
applied are presented and discussed in that chapter.

Chapter 7 is devoted to the influences of the vibration parameters.
We particularly explore the effects of changing the vibration frequency,
direction of vibration and also duration of the vibration interval on its
triggering influences.

In chapter 8 we summarize the main outcomes of the study with a list
of suggestions for further research.
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Chapter 2

State of the art

This chapter presents the essential ideas based on which the rest of this
dissertation is structured. A brief overview of the classical paradigm
relating plate tectonics movements to earthquakes is provided at the
beginning of the chapter. The so called Gutenberg-Richter law for
the statistics of earthquakes of a given size is introduced based on the
earthquake seismic moment which itself is defined in this chapter.

The state of the art approach to earthquake hazard assessment is
introduced afterward, pointing out its drawbacks. The new paradigm
of global earthquakes interaction through dynamic stress transfer and
its impacts on the current approach to earthquake hazard assessment
are explained thereafter. The dynamic earthquake triggering (DET)
phenomenology is then introduced in detail, highlighting some robust
earth scale observations that confirm the features and risks of this
phenomenon.

As the granular gouge layer is at the core of mature earthquake faults,
the recent experimental works that investigates the granular physics of
dynamic earthquake triggering are presented. We then provide a report
of the past modeling efforts that have been carried out to investigate the
granular mechanics sources of dynamic earthquake triggering. Finally and
based on this overview, the needs for further research, addressed in this
dissertation, are presented.
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CHAPTER 2. STATE OF THE ART

2.1 The classical view of plate tectonics-
driven earthquakes

Earthquakes almost always occur on faults, fractures in the earth’s crust
on which one side moves with respect to the other. The forces and
deformations generated in earth’s crust can be described in terms of the
shear stress and the shear strain induced in it. Long-term geodetic and
geological measurements have provided us with information about the
crustal movements and the consequent strain accumulation. The relative
plate motion over time translates into a strain accumulation along the
plate boundaries and the plate interiors. As soon as the stress at a point
in the crust exceeds a critical local value, a sudden failure occurs. The
plane along which failure occurs is called the fault plane and the point
where failure initiates is called the focus. The failure typically results in
a sudden displacement of the crust on the fault plane and in radiation of
elastic waves across the ruptured plane (Kanamori and Brodsky, 2004).
This phenomenon is called an earthquake. For most earthquakes, the
displacement occurs on an existing geological fault or mature fault, that
is, a plane that is already weak. Figure 2.1 shows aerial view of a fault
plane in southern Nevada, United States.

The geometry of a fault can be simplified as a planar surface across
which relative motion occurs during an earthquake. The majority of
geological and seismic observations of earthquake faults indicates that,
with some additional complexities, this is approximately the case. Thus
the fault geometry is described in terms of the orientation of the fault
plane and the direction of slip along the fault plane. Basic types of faulting
common in plate tectonics are shown in figure 2.2. When the two sides of
the fault slide horizontally by each other, pure strike-slip motion occurs.
The strike-slip fault motion can be either right-lateral or left-lateral as
shown in the figure. The other basic fault geometries describe dip-slip
motion. When the hanging wall slides down-ward, the faulting type is
called normal faulting, whereas if the hanging wall goes upward, it is a
reverse or thrust faulting.
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2.1. THE CLASSICAL VIEW OF PLATE TECTONICS

Figure 2.1: Aerial view of a right-lateral strike-slip fault, southern Nevada, USA.
Courtesy of Marli Miller, University of Oregon.
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Figure 2.2: Basic types of faulting. Strike-slip motion can be either right- or
left-lateral. The other types of faulting include reverse (thrust) and normal
faulting (Stein and Wysession, 2009).

Figure 2.3-a schematically shows the earthquake dynamics at one fault
over time of stresses that generate earthquakes. Stress accumulates on
faults during interseismic periods and gets released during earthquakes.
The basic process of stress accumulation can be accurately measured. If
we consider two perfectly planar faults with symmetric properties, the
stress-strain cycles will be regular as shown in figure 2.3-a and prediction
of failures will be fairly easy. However there are complexities in real
fault systems that make prediction of earthquakes extremely difficult.
These complexities includes, but are not limited to, a non-uniform stress
accumulation rate, static stress transfer between adjacent segments of
the faults and complex fault geometry. Additionally, the strength of the
crust is not constant over time either and migrating fluids may weaken
earth’s crust, altering the times at which earthquakes occur (Kanamori
and Brodsky, 2001). These complicating factors and their effect on the
intervals between earthquakes result in irregular interseismic intervals as
depicted in figure 2.3-b.
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Figure 2.3: This figure schematically shows the development of earthquakes: (a)
The spatially averaged stress on a fault, varying over geological time. Tectonic
stress slowly builds up along a fault until it reaches the local strength, defined as
the critical stress necessary for failure (dashed line), then an earthquake occurs
with a sudden stress drop. A new earthquake cycle subsequently begins. (b)
A more realistic version of the process includes the complications of variable
strength, loading rate and stress drop (Kanamori and Brodsky, 2001).

Most of the large and mature faults contain granular media -fault
gouge- in their core produced by the wear of the fault’s interfacial surfaces.
The granular gouge is surrounded by a damaged zone that gradually
diminishes in intensity into the surrounding rock mass. This is shown
in figure 2.4 where schematics of a fault zone is described. Fault gouge
plays a fundamental role in determining the fault’s frictional strength and
the earthquake slip dynamics (Brace and Byerlee, 1966; Johnson et al.,
1973). Fault systems accumulate strain energy during the interseismic
period of the seismic cycle, just as a sheared granular layer does during
the “stick” phase of the stick-slip cycle and the stick-slip cycles resemble
the evolution of stress versus time shown in figure 2.4. The existence
of the granular gouge layer indicates that the study of fault mechanics
requires characterizing the mechanical behavior of sheared granular layers,
thus, the importance of granular physics in tectonophysics and physics of
earthquakes.
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   1                     2            3     4       3              2                       1  

1) Undeformed host rock

2) Damaged host rock
3) Foliated zone
4) Central granular gouge layer } Fault core

Fault zone {
Figure 2.4: Schematic of a fault zone. The slip surface is located within layers of
completely fragmented (4) and partially fragmented (3, shaded) rocks. The layer
of fragmented rocks (4) is often called “granular gouge layer”. The surrounding
rock is heavily damaged near the fault (2), but intact further away (1). The
figure is redrawn from (Chester et al., 1993).

2.1.1 Size of an earthquake

Figure 2.5-a shows a simplified geometry of a slab of crustal rock. We can
assume that equal but oppositely directed forces act tangent to the red
and blue planes on the boundary of the shown slab. The slab is deformed,
due to the force imposed on it, from the cuboid shape it would have in
the absence of applied forces. After the force overcomes the frictional
resistance of the interface between the planes, planes on either side of
the fault experience a relative displacement, or slip, D over an area S, as
illustrated in figure 2.5-b. The ratio of shear stress to strain is called the
shear rigidity of the slab material, G. A frequent measure of the overall
size of an earthquake is M0, the seismic moment defined by,

M0 = GDS (2.1)

The seismic moment is measured in energy units, but it does not
directly represent the energy released by an earthquake. A measure of
such energy is the magnitude, M , given in terms of the seismic moment
by,
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M = (logM0 − 9.1)/1.5. (2.2)

(a)                                                      (b)

Figure 2.5: Schematic plot of a strike-slip fault planes during crustal
deformation (a) and after displacement during an earthquake (b) (Kanamori
and Brodsky, 2001).

2.1.2 Energy budget of earthquakes

The energy budget during an earthquake can be written as

ET = ER + ENR (2.3)

where ET , ER, and ENR are the total potential energy change,
the radiated energy, and the non-radiated energy, respectively. During
an earthquake, the potential energy mainly consisting of elastic strain
energy and gravitational energy, stored in earth, is converted to radiated
energy, and non-radiated energy, the latter including fracture and thermal
(frictional heat) energies (Kanamori and Rivera, 2006).The radiated
energy, ER, can be estimated either from the energy flux at far field or
by the displacement and stress change on the fault plane. In earthquake
physics, the elastic radiated energy is generally considered to account for
6% of the total work during slip (McGarr, 1999), whereas non-radiated
energy, mainly in the form of dissipation, is thought to account for 95% of
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the total work (Lockner and Okubo, 1983; Lachenbruch and Sass, 1980).
Dissipated energy includes both frictional heat and fracture energy, which
can include work done by chemical processes, compaction, and grain
rolling, in addition to the energy consumed making new surface area
through rock fracture and grain breakage.

2.1.3 The magnitude–frequency relationship

Earthquakes take place with a broad range of sizes. A general observation
is that small earthquakes are more frequent than large earthquakes. This
is quantitatively stated by the Gutenberg–Richter relation (Gutenberg
and Richter, 1941). It describes the number of earthquakes expected
of each size, or magnitude, in a given area. In any area much larger
than the rupture area of the largest earthquake considered, the number
of earthquakes, N(M), which have a magnitude greater than or equal to
M is given by the relation,

logN(M) = a− bM (2.4)

where a and b are constants. Figure 2.6 shows that the Guten-
berg–Richter relationship can also be applied to a seismicity catalog of
the entire planet. For most regions the value of b is nearly 1.0. This
strikingly consistent observation has motivated much of the study on
fault networks and nonlinear dynamics of earthquake with the primary
conclusion that over a wide (but finite) range of scales, fault networks
are fractal (Kanamori and Brodsky, 2001). Cascades of failure take
place when the faults are extremely close to failure. These cascades
can be interpreted as a self-organized critical phenomenon (Bak and
Tang, 1989). The Gutenberg–Richter Law is a major tool in probabilistic
hazard assessment since it allows extrapolation from the rates of small
earthquakes to the likelihood of large events.
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2.2. EARTHQUAKE HAZARD ASSESSMENT

Figure 2.6: Magnitude–frequency relationship for earthquakes in the world for
the period 1904 to 1980. N(M) is the number of earthquakes per year with the
magnitude≥M . The solid line shows a slope of -1.0 on the semi-log plot which
corresponds to a b-value of 1.0 (Kanamori and Brodsky, 2004).

2.2 Earthquake hazard assessment: the clas-
sical and the new paradigms

The classical view of earthquakes, based on the discoveries of plate-
tectonic movements, involves plates driven by mantle convection as basic
sources of earthquakes. Relative plate motions cause stresses to build
up progressively on a fault until Coulomb failure drives abrupt slip.
According to this view, an earthquake is caused entirely by local stress
accumulation. However, recent work has shown that earth’s elastic
system is globally coupled with substantial long-range interactions among
faults (Freed, 2005a). In particular, static and dynamic stresses from
either adjacent or remote sources can perturb a fault system that is
critically loaded and is close to failure, thereby triggering an earthquake
earlier than its natural occurring time in the absence of any dynamic
perturbation.

Prior warning of increased earthquake probability during a specific
time interval could significantly mitigate the potential economic disaster.
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State-of-the-art prediction is based on seismic hazard assessment for well-
characterized faults, which gives a probability that an earthquake of a
given size will take place over a certain number of years. This approach
has been developed by the Working Group on California Earthquake
Probabilities (WGCEP) to create the Uniform California Earthquake
Rupture Forecast, version 2 (UCERF2) (Field et al., 2009). UCERF2
forecasts earthquake occurrence by: 1) mapping all known faults in
California, 2) estimating the long-term slip rate on each fault using GPS
measurements, 3) determining earthquake rates that are most consistent
with the long-term slip rates on each fault, and 4) translating earthquake
rates into probabilities of a given magnitude occurring in a 30 year
time interval. An example of hazard map produced by WGCEP is
shown in figure 2.7. This approach does not account for seismicity
clustering in space and time (i.e., aftershocks that are close in space
and time following a large event). Additionally, this approach assumes
that earthquake probabilities do not vary with time over the 30 years
interval. Currently, the WGCEP is developing UCERF, version 3, which
will improve upon many aspects of UCERF2, including clustering of
seismicity, improving treatment of uncertainty, and adding the possibility
of operational earthquake forecasting where probabilities are updated as
new seismic data accumulates. The methodology being developed for
UCERF3 will also be used for forecasts in the earthquake-prone Cascadia
region, in the Pacific northwest North America.

Beyond the classical, plate-tectonic movement-based paradigm about
earthquake nucleation, there is considerable recent accumulation of
seismological observations that large earthquakes trigger other earth-
quakes (Pollitz et al., 2012, 2014; Gomberg and Sherrod, 2014; Sherrod
and Gomberg, 2014; Gomberg et al., 2001), a phenomenology termed
“dynamic earthquake triggering”. It has been also proposed that the
majority of earthquakes are dynamically triggered (Marsan and Lengliné,
2008; van der Elst and Brodsky, 2010b).

The dynamic stressing, brought by seismic waves radiated by adjacent
or remote earthquakes can cause instantaneous or, far more often,
delayed failure, meaning that triggering-induced seismicity is long-lived.
Typically, multiple earthquakes are triggered dynamically in a region.
This is a key observation for improving hazard analysis because it
suggests that if the triggering cascade time period can be determined,
it corresponds to the interval of increased hazard.
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The paradigm of dynamic earthquake triggering suggests a radical,
new understanding of earthquakes, implying that earth’s elastic system is
far more complex than previously imagined, with substantial long-range
interactions among faults. In particular, dynamic stress from seismic
waves can perturb fault systems that are in a critical state and force
failure earlier in time relative to an unperturbed fault.

This PhD project belongs to the framework of a collaborative project
at the Los Alamos National Laboratory (LANL) titled “Dynamic Earth-
quake Triggering, Granular Physics and Earthquake Forecasting: Deter-
mining the Physical Controls”. The novelty of that project’s goals is that
characterizing dynamic earthquake triggering will lead to fundamentally
new means of improved earthquake hazard assessment. Based on the
new paradigm of long-range interactions, dynamic triggering is key to a
real progress in defining intervals of increased hazard while statistical
approaches applied to triggered events is key to providing the time
intervals of increased risk.
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Figure 2.7: Participation probability maps calculated by WGCEP. The
participation probability shown by a color-map here is the mean probability
calculated in UCERF2 that an individual 0.1◦ × 0.1◦ cell in the statewide
grid will be involved in a fault rupture of any source type above the specified
magnitude threshold during the next 30 yr. The magnitude thresholds shown
here are M ≥ 5.0, 6.7, and 7.7. Probability color scale is logarithmic; that
is, each decrement unit represents a 10-fold decrease in probability. These
maps include ruptures on the Cascadia megathrust beneath northwestern
California (Field et al., 2009).

2.3 Dynamic Earthquake Triggering (DET)

Dynamic triggering of earthquakes by seismic waves is a robustly ob-
served phenomenon with well-documented examples from over 30 major
earthquakes (Brodsky and Van der Elst, 2014). We present here two of
the examples with their most important observations. The first example
is a very strong earthquake of seismic moment magnitude (M) 7.3 that
occurred in 1992 in Southern California near the town of Landers. This
earthquake demonstrated a remarkable phenomenon that is as seismic
waves radiated from the main event, other earthquakes were dynamically
triggered. The dynamically triggered earthquakes were located not only
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nearby but as far as 1000 km from the main event. The elevated seismicity,
termed delayed triggering or triggering event cascades, lasted for several
months (Hill, 1993). In 1999, the 7.1 magnitude Hector Mine earthquake
in California caused another cascade of triggered earthquakes and allowed
for further successful testing of the earthquake triggering hypothesis that
was proposed for the Landers event by Gomberg et al. (2001). The
proposed hypothesis suggested that the oscillatory ’dynamic’ deformations
that is radiated as seismic waves from the main earthquake can cause
seismicity rate increases (Gomberg et al., 2001). In figure 2.8, the spatial
seismicity rate increase associated with the Hector Mine and Landers
earthquakes is illustrated using maps of a smoothed β-statistic. The
β-statistic is a statistical method developed for investigating quiescence
and other temporal seismicity patterns (Matthews and Reasenberg, 1988).
These maps indicate that following the unilaterally northward-rupturing
Landers earthquake, seismicity increased toward the north. After the
Hector Mine earthquake, increases in the seismicity rate occurred to the
south. The study by Gomberg et al. (2001) suggests that both dynamic
and static stress changes are important for triggering in the near field,
however at greater distances the dynamic stress changes is the dominating
factor. Peak seismic velocities recorded for each earthquake indicates the
existence of dynamic triggering thresholds varying from a few tenths to
a few MPa in most of the studied sites, depending on local conditions.
These dynamic triggering thresholds exceed inferred static thresholds by
more than an order of magnitude (Gomberg et al., 2001). In addition, in
some of the studied sites, the triggering onset was delayed until after the
dynamic deformations subsided (Gomberg et al., 2001).
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(a)                                                                     (b)

Figure 2.8: The seismicity rate increases that are associated with the Hector
Mine and Landers mainshocks. Average increases are quantified with the β-
statistic calculated for a spatially smoothed (20 km) seismicity (M ≥ 2.0)
catalog. Plus signs indicate earthquakes in the period after the mainshock.
Areas with a β-statistic > 2.0 are suggestive of a significant average rate
increase. White areas indicate no cataloged earthquakes in post- and pre-
mainshock periods or no detectable rate increase; thin lines show surface fault
traces. (a) Hector Mine response. Circles mark sites of triggered activity. LV,
Long Valley. (b) Landers response. Here, the most remote triggering occurred
to the north-northwest. The strong increase marked LSM is the (triggered)
M = 5.6 Little Skull Mountain earthquake and its aftershocks (Gomberg et al.,
2001).

Another significant example of the dynamic earthquake triggering was
found after the 2012 east Indian Ocean earthquake that had a moment
magnitude of 8.6. This earthquake was the largest strike-slip event
ever recorded. Pollitz et al. (2012) performed an extensive study on
this earthquake and its triggered cascades and showed that the rate of
occurrence of remote M ≥ 5.5 earthquakes (>1500 kilometres from the
epicentre) increased nearly fivefold for six days after the 2012 event, and
extended in magnitude to M ≤ 7 (see figure 2.9).
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11 April 2012 M = 8.6

Figure 2.9: Global rates of shallow (depth=100 km)M ≥ 5.5 earthquakes during
the 10 d preceding and following the 11 April 2012 M=8.6 east Indian Ocean
mainshock. Time is relative to the mainshock origin time. Red horizontal lines
denote the M ≥ 5.5 seismicity rate for the 10 d preceding the 2012 mainshock.
Gray horizontal lines and gray shading denote mean M ≥ 5.5 seismicity rates
and the 5% and 95% empirical probability bounds obtained from analysis of
a 20-yr-long National Earthquake Information Center (NEIC) catalog. Green
horizontal lines give the 95% empirical upper bounds on Rpost for one event
derived from a set of catalogs of M ≥ 7 mainshocks. Rpost is the average rate
of remote M ≥ 5.5 aftershocks in the 2d following a mainshock (Pollitz et al.,
2012).
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Figure 2.10: (a) Worldwide earthquake map before the mainshock. (b) The
global map of earthquakes triggered worldwide following the 2012 east Indian
Ocean earthquake that had a moment magnitude of 8.6. In this figure, colors
represent the duration in sec of the second invariant of the strain tensor at all
locations where it exceeds 0.1 µ-strain (Pollitz et al., 2012).

The global aftershocks after the 2012 east Indian Ocean event were
located along the four lobes of a Love-wave radiation pattern of the
mainshock. All these global aftershocks struck where the dynamic shear
strain exceeded 10−7 for at least 100 seconds during the dynamic-wave
passage. These results are presented in figure 2.10 reported from Pollitz
et al. (2012). The seismicity jump involved increases in seismicity rate
across a broad magnitude spectrum as presented in figure 2.11. Pollitz
et al. (2012) suggested that the unprecedented delayed triggering power
of the 2012 earthquake may have arisen because of its strike-slip source
geometry or because the event struck at a time of an unusually low
global earthquake rate. They further speculated that the mainshock
event increased the number of nucleation sites that were very close to
failure (Pollitz et al., 2012).
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Figure 2.11: Cumulative number of global M ≥ 4.5 earthquakes of depth 100km
during the 6d before and after the 2012 event. Both the pre-mainshock (blue
symbols) and the post-mainshock (red symbols) seismicities are restricted to be
remote (1500 km from the mainshock). Superimposed is the cumulative number
of background remote events in an average 6-d interval during the year preceding
the 2012 mainshock (green symbols). Lines illustrate the corresponding b
values from the Gutenberg-Richter law and standard deviations derived using
maximum-likelihood regression (Pollitz et al., 2012).

Further investigations by Pollitz et al. (2014) show that even though
the strike-slip mainshock of the 2012 east Indian Ocean event appeared
to have triggered a global burst of strike-slip aftershocks over several
days via the radiated Love seismic waves, the M ≥ 6.5 seismicity rate
dropped to zero during the succeeding 95 days. This result is shown
in figure 2.12. Pollitz et al. (2014) found that such an extended period
without a M ≥ 6.5 earthquake has happened rarely over the past century
and never after a large mainshock. This observation suggests that the
2012 mainshock induced initially a short-lived global increase but also
a subsequent long quiescence (suppression) period. Pollitz et al. (2014)
suggested that the two components are linked and interpreted this pattern
as the product of dynamic stressing of a global system of faults. Pollitz
et al. (2014) concluded that transient dynamic stresses can encourage
short-term triggering but, paradoxically, they can also inhibit rupture
temporarily until background tectonic loading restores the system to its
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pre-mainshock stress levels (Pollitz et al., 2014).

Figure 2.12: Cumulative number of M ≥ 6.5 events from 240 days
before to 240 days after the April 2012 Indian Ocean mainshock using the
National Earthquake Information Center (NEIC) catalog with large-mainshock
declustering. The background rate of 0.089 events/day is based on the 30 year
catalog of NEIC and International Seismological Center-Global Earthquake Risk
Model (ISC-GEM) (Pollitz et al., 2014).

Gomberg and Johnson (2005) analyzed the scaling of dynamic stresses
and strains associated with seismic waves with distance from, and mag-
nitude of, their triggering earthquake, for a large catalog of earthquakes.
The peak ground velocities (PGVs) versus the distance from the source
of the catalog are shown in figure 2.13-a. The resulted dynamic strain
versus distance plot for earthquakes in Fig. 2.13-a is shown in Fig. 2.13-
b. They found that seismic waves can cause further earthquakes at
any distance if their amplitude exceeds several micro-strain, regardless
of their frequency content (Gomberg and Johnson, 2005). They finally
concluded that remote triggering may require exceptionally large dynamic
deformations, perhaps as a result of strong directivity, thereby explaining
why this occurs only rarely (Gomberg and Johnson, 2005). The study
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suggested that since the PGVs come from signals with very different
frequency contents, the mechanisms of dynamic triggering may not depend
strongly on frequency (Gomberg and Johnson, 2005). Regarding the
frequency content observation, it is noteworthy that the range of materials
at each fault system and their elastic properties have not been explored
in detail.

(a) (b)

Figure 2.13: Scaling of dynamic strains associated with seismic waves with
distance from, and magnitude of, their triggering earthquake. (a) measured
peak ground velocities (PGVs) against distance. (b) measurements in (a)
against distance, normalized by rupture dimensions. The plot indicates that
deformations at normalized distances of less than about 1 (left, light brown)
must be sufficient to trigger aftershocks and that the triggering strains lie
above the smallest PGV in this normalized-distance range (top, darker brown).
Light shading indicates ambiguous observations. This triggering threshold
range is consistent with PGVs for three earthquakes that triggered seismicity
remotely, measured at sites that did (filled stars) and did not (open stars)
experience triggered seismicity (light shading, ambiguous observations). Red
bar, additional Denali triggering PGV; Superimposed on panel (b) is the
dashed curves that bound laboratory measurements of modulus reduction
against dynamic loading strain amplitude for various rock types, pressures and
saturations (Gomberg and Johnson, 2005).
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2.4 Granular physics and DET

Granular materials play an important role in the frictional behavior of
mature faults. The dynamics of stick-slip is controlled by mechanical and
physical properties of the granular gouge, including its confining pressure
and shear speed (Daniels and Hayman, 2008; Hayman et al., 2011).
Laboratory scale observations confirm that mechanical vibrations with
adequate amplitudes can change the mechanical and frictional properties
of the granular layer, thus they change its macro-scale response. This
includes a transition from a solid-like behavior to a transient, fluid-
like one (Luding et al., 1994; Savage and Marone, 2008; Janda et al.,
2009; Capozza et al., 2009; Melhus et al., 2009; Jia et al., 2011; Xia
et al., 2013). Johnson et al. (2008) applied transient sound vibration to
sheared granular layers in a double-direct shear experimental setup (the
earthquake machine located at the Laboratory for Rock and Sediment
Mechanics of the Pennsylvania State University, see Fig. 2.14-a) and found
evidence of triggered slip events at confining pressures of a few MPa, when
the acoustic vibration had strain amplitudes above ∼ 10−6 (Johnson et al.,
2008). The experiments were carried out using the apparatus developed
by Marone et al. (Marone, 1998a,b) which is capable of capturing a wide
spectrum of the dynamic behavior of sheared granular layers, including
continuous sliding, intermittent and quasi-periodic stick-slip (Mair and
Marone, 1999; Anthony and Marone, 2005; Savage and Marone, 2008).
In this experimental setup, the fault planes as shown in Fig. 2.14-a
are comprised of two fault zones that respond simultaneously, contain
glass beads or angular grains. To produce stick-slip (labquakes) the
central block is displaced downward at a constant rate, while a constant
horizontal stress is applied. The investigation by Johnson et al. (2008)
further showed that dynamic triggering takes place only when granular
materials is present, and only under low confining stress (Johnson et al.,
2008). Johnson et al. (2008) also observed both instantaneous and
delayed triggered (cascading) slip in the lab, when vibration amplitudes
corresponding to strains > 10−6 are applied at the shear stress levels
of ≈ 95% of the failure value (Fig. 2.14-c). For instance, as presented
in Fig. 2.14-c, the applied vibration at 2050s produces an immediate,
small-magnitude stick-slip. The two successive major stick-slips that
follow exhibit longer recurrence times as well as multiple, small stick-slip
events in between (triggered events). Other studies also demonstrate the
existence of threshold values of strain amplitude for dynamic earthquake
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triggering. The existence of a unique threshold strain value is an
important open question (van der Elst and Brodsky, 2010a), however
there is increasing evidence that in many cases DET may be governed
by a threshold mechanism (Pollitz et al., 2014, 2012; Pasqualini et al.,
2007b; TenCate et al., 2004a). Johnson et al. (2008) also observed
other features in common with earth faults including disruptions in the
earthquake recurrence interval (the time interval between earthquakes)
in response to dynamic perturbations (Figs. 2.14-c and d), as well as
triggering-induced changes in the gouge material modulus. The latter
results are demonstrated in figure 2.15 where resonance and pulse-mode
experiments in a glass bead pack under applied pressure P are used. The
change in normalized modulus ∆M/M0 = (M −M0)/M0 with detected
strain at five effective pressures is illustrated in figure 2.15-b. M is the
modulus as a function of amplitude and M0 is the low-amplitude (linear)
modulus. The dynamical nonlinear response of the granular material is
also studied by Johnson and Jia (2005) using traveling-wave experiments,
analogous to field circumstances in which a seismic wave impinges on a
fault. Figure 2.15-c shows the relative decrease in modulus with input
amplitude in the traveling-wave experiment for the glass-bead pack under
a effective pressure of 0.11 MPa. Figure 2.15-c further indicates that the
modulus softening is immediate on perturbation by the wave pulse and
also exhibits dependence on the wave amplitude. Johnson and Jia (2005)
found that in comparison with the resonance studies (Figure 2.15-b),
the dynamically induced reduction in modulus is less pronounced for an
equivalent strain amplitude and that the magnitude of modulus softening
also depends on wave duration.
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Figure 2.14: (a) “Earthquake machine” at the Pennsylvania State University.
Panel (b) shows how acoustic waves are applied directly to the fault blocks and
detected with an accelerometer. (c) Stick-slip behavior under constant shearing
rate, with vibration. Shear stress versus experiment time (upper curve) and
measured strain amplitudes of the detected acoustic waves (lower curve). The
letter “V” denotes moments in time and thick black horizontal bars indicate
the durations of vibration. (d) Comparison of non-vibration versus vibration,
emphasizing increased recurrence and irregular behavior, including triggering,
due to acoustic waves (Johnson et al., 2008).
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(a)                       (b)                                                     (c)

Figure 2.15: (a) Diagram of the set-up for conducting resonance and pulse-
mode experiments in a glass bead pack under applied pressure P . T and
R denote the piezoelectric transmitter and the receiver, respectively, and L
is the sample thickness. (b) The relative change in the elastic modulus,
∆M/M0 = (M − M0)/M0, with detected strain at five effective pressures is
reported. M is the elastic modulus as a function of amplitude, while M0 is
the low-amplitude (linear) modulus. (c) Relative decrease in modulus with
input amplitude in the pulse-mode experiment for the glass-bead pack under a
effective pressure of 0.11 MPa. The source signal is a one-cycle sinusoidal pulse
at 50 kHz (inset), input at progressively larger amplitude levels, from low (linear
regime) to high amplitudes (nonlinear regime). The inset shows an example of
a detected waveform (Johnson and Jia, 2005).

The fact that dynamic slip triggering is observed very pronouncedly
in the presence of the granular gouge materials implies the significant
influences of the nonlinear elastic behavior of granular materials. The
behavior of granular materials under different loading conditions and to
different perturbations is controlled by their evolving internal structure
including the contact force networks, particles rearrangements and force
distribution between the particles inside the granular layer (Cates et al.,
1998; Majmudar and Behringer, 2005; Hunt et al., 2010). The context
of the nonlinear elastic behavior of granular materials has also been
investigated by Jia et al. (2011). They explored the reversibility of
the sound-granular media interaction for increasing sound amplitude, by
performing measurements of the wave velocity and the granular packing
density repeatedly at the lowest input amplitude as a non-disturbing
probe, before going up to the next increased amplitude [2.16-(a) to (c)].
The granular structure changes were evaluated by configuration-specific
acoustic speckles, via the resemblance parameter ψi,i+1 = Ci,i+1(τ =
0)/[Ci,i(0)Ci+1,i+1(0)]1/2. Here, Ci,i+1(τ) with the time lag τ is the
cross-correlation function between two successive speckle signals Si(t) and
Si+1(t) recorded every 30s, before and after the high-amplitude sound
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transient at low frequency (f = 50 kHz). Jia et al. (2011) identify
two regimes of fast nonlinear dynamics versus the input amplitude,
Vinput in V units. In the first regime, the interaction between sound
waves and the granular medium is reversible: There is neither velocity
change nor sample density variation after the wave passage and the force
network remains nearly unchanged, i.e.,ψi,i+1 ≈ 1, except for a few
rare events. In the second regime, however, beyond a certain amplitude
threshold depending on the applied load, the sound-matter interaction
becomes irreversible. In addition, the wave velocity and corresponding
elastic modulus remain weakened after the wave transient, and slight
plastic deformation is also observed corresponding to an accompanying
compaction (2.16(c)). However, the resemblance parameter shows a
significant intermittent change in the force networks induced by high-
amplitude sound waves, which becomes much more pronounced and
frequent under lower confining pressure (2.16(d)) in conjunction with a
more important velocity softening and material compaction (2.16(b)–(c)).
This finding highlights the relationship between the macroscopic elastic
weakening and the local change of the contact network, induced by strong
sound vibration in the absence of visible grain motion (Jia et al., 2011).
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Figure 2.16: Reversible and irreversible interactions between sound waves and
granular packs under P = 340 kPa (left) and P0 = 85 kPa (right) versus sound
amplitude. (a) Excitation protocol; (b) sound velocity change; (c) packing
height variation; (d) resemblance parameter between two successive acoustic
speckles. Inset of (d), right column, shows a typical acoustic speckle (Jia et al.,
2011).

Johnson and Jia (2005) hypothesized that a similar evolution of
mechanical properties due to transient waves is the mechanism responsible
for DET (Johnson and Jia, 2005). The hypothesis is illustrated in
figure 2.17, where Johnson and Jia (2005) infer that, if the fault is
weak, seismic waves cause the fault core modulus to decrease abruptly
and weaken further. If the fault is already near failure, this process could
therefore induce fault slip. They suggest that the physical mechanism
responsible for the modulus softening of the granular material is related
to the nonlinear frictional properties at the contacts between the grains,
thus the dynamic elastic nonlinearity of the fault core -the gouge- can
offer an explanation for the occurrence of dynamic triggering in response
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to seismic waves. The necessary physical characteristics for this triggering
mechanism require three factors: first, a weak fault (or one with low
effective pressure); second, a fault in a critical state; and third, dynamic
strain amplitudes greater than about 10−6 (Johnson and Jia, 2005).

(a)                                                        (b)

Figure 2.17: (a) The shear-stress (τ) versus shear-strain (γ) fault-core response.
(b) Expanded view of the region of instability noted by the ellipse in
(a) (Johnson and Jia, 2005).

The other experimental setup in which stick-slip experiments have
been performed is at the Duke University in the Behringer Group (Sepúlveda
and Behringer, 2013; Krim et al., 2011). This experimental setup is
illustrated in figure 2.18. Using this setup, Krim et al. (2011) performed
a study of the stick–slip and stick–slip -to -steady sliding behavior of
a slider that is pulled through a spring across 2D granular beds of
photoelastic disks. The 2D granular disks were either fixed in a solid
lattice (granular solid) or unconstrained, forming a granular bed. Krim
et al. (2011) performed experiments in a range of behaviors from steady
sliding to stick-slip dynamics. For the case of the granular solid, they
explored friction in the presence and in the absence of externally applied
vibrations, and compared it with sliding on a granular bed, which is
intrinsically disordered. The vibration was applied horizontally to the
slider (top block) and in a continuous manner (not short intervals). Krim
et al. (2011) found that in the stick-slip regime and at the lower speeds,
vibration regularizes the slips and reduces the typical change in force
following a slip (figure 2.19. They additionally found that the vibration
affects the system in a manner that is qualitatively similar to an increase
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of disorder in the system.

(a)

(b)

(c)

Figure 2.18: (a) Sketch of the apparatus at the Duke University. (b) Photo of
the granular bed. The upper black region shows a portion of the metal slider,
moving to the right. Brighter grains are subject to larger forces, and exhibit
the characteristic force chains, which tend to be oriented along the compressive
direction for the shear. (c) The fixed lattice of 5 mm photoelastic disks. Again,
the upper black region of this image shows a portion of the metal slider, moving
to the right. Below the disks is a solid base to which the disks are glued (Krim
et al., 2011).
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(a)                                          (b)

(c)                                          (d)

Figure 2.19: (a) and (b) shear force signal during stick-slip experiments of
the granular solid under two different shearing velocities and in the absence of
vibration. (c) and (d) shear force signal during stick-slip experiments of the
granular solid under two different shearing velocities and in the presence of
continuous horizontal vibration (Krim et al., 2011).

Within the context of the earthquake triggering project at LANL, the
members of the project also developed a complementary experimental
apparatus (figure 2.20) based on sheared photoelastic blocks, which will
allow to visualize local triggering effects using a high-speed camera (the
Penn State apparatus is opaque). The photoelastic experiment at LANL
permits quantitative measurement of the triggering initiation location,
static stress conditions on the fault, and earthquake magnitude, and
it brings complementary information to the earthquake machine and
provides data to compare with simulation and theory.
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(a)

(b)

(c)

Figure 2.20: (a) LANL experimental apparatus employing 2 shearing blocks,
with acoustic excitation and photoelasticity to visualize and calculate internal
stress on the simulated fault. (b) Two snapshots of the macroscopic stress field
in the LANL setup. The zoom in region in panel (c) shows the fault “gouge” in
between of the “tectonic” plates.

“Stiff” and “soft” spring limits for stick-slip experimental setups

The stick-slip experimental/numerical setup can be simplified as a model
shown in figure 2.21. In this model, the build up of stress in the
granular gouge layer and its interface with the plates is represented by
the compression of the spring KF . The lower plate is driven (remotely)
through the spring K. In the context of relative plate motion, the concept
of a stiff/soft spring comes from consideration of the force balance (when
motion is unaccelerated) between the force associated with the build up of
stress (due to relative motion of plates) and the driving force. This build
up is proportional to the velocity U of the driven plate (lower plate).
While the upper plate need not be unmoving, from a frame of reference
on the upper plate the situation can be represented as in figure 2.21.
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The compression of the spring K is proportional to the difference in the
displacement of its two ends. The remote drive moves the left end at fixed
velocity V . The right end moves at the velocity of the lower plate (which
may be almost unmoving or locked). The force balance is

K(V t− Ut) = KFUt (2.5)

U =
K

K +KF
V (2.6)

In the stiff spring limit (the spring that is stiff or soft is the drive
spring) K � KF and U ≈ V . In the soft spring limit, K � KF and
U = (K/KF )V � V . The apparatus at the PSU is operating in the stiff
spring limit. The apparatus at the Duke University is operating in the
soft spring limit. The simulation effort in this dissertation is an example
of the stiff spring limit, similar to the setup at PSU, while the photoelastic
experimental setup at LANL is closer to the soft spring limit.

rigid, moving at vel. U

rigid, non-moving

fixed in time

moving at vel. V
KFK

 V

Figure 2.21: A simplified model for the stick-slip experimental setup. The build
up of stress in the granular gouge layer and its interface with the plates is
represented by the compression of the spring KF . The lower plate is driven
(remotely) through the spring K.

2.5 Modeling studies of DET

Griffa et al. (2011, 2012) investigated the role of boundary vibration on
triggered slip by studying the affine and non-affine deformation fields (Falk
and Langer, 1998; DiDonna and Lubensky, 2005) within the granular
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layer and by tracking their spatio-temporal evolution. The non-affine
deformation metric identifies where the strain fields are strongly, spatially
non-uniform, at a mesoscopic scale (Falk and Langer, 1998; Utter and
Behringer, 2008). Using this measure, Griffa et al. (2011, 2012) estimated
a local amount of non-affine deformation and calculated a best fit value
for the local affine strain tensor. The implemented non-affine deformation
metric in their studies highlights the highly irreversible (plastic) particle
rearrangements that are necessary to permit localized granular flow. The
studies were carried out by implementing a 2D DEM model of a sheared
granular layer (Griffa et al., 2012, 2011). These studies showed that
vibration itself introduces large affine and non-affine strains (Fig. 2.22),
which lead to the initiation of slip at lower shear stress than an equivalent
slip event without vibration. 2D DEM modeling of slip triggering
by Griffa et al. (2011, 2012) also show that a primary effect of boundary
vibration and dynamic stressing was a “clock advance” of a slip event
compared to the onset time for the event in the reference model, which is
consistent with seismological studies of dynamic triggering on earthquake
faults (Griffa et al., 2013).

Similar 2D and 3D studies by DEM simulations have been performed
by Capozza et al. (2009); Melhus and Aranson (2012). Capozza et al.
(2009) investigated the role of the boundary vibration frequency in
determining an overall reduction of the macroscopic friction of the
granular layer, while Melhus and Aranson (2012) studied the role of the
vibration amplitude and frequency on solid- to fluid-like transition of a
confined granular layer under increasing shear stress. The system study
by Melhus and Aranson (2012) is not in stick-slip regime. Melhus and
Aranson (2012) also implemented the vibration as a bulk force applied to
each particle of the granular layer. The research study presented in this
dissertation distinguishes itself from these other works because we take
into account the interplay between deformable boundary blocks and the
granular layer itself, as the vibration is applied at the boundary blocks.
In addition the influences of the vibration in the long term and beyond
the vibration interval is a primary focus of our work.
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Friction coefficeint non-affine deformation metric

Figure 2.22: The two top panels show the friction coefficient signals and non-
affine deformation metric during a reference and perturbed stick-slip event. The
spatial map of non-affine deformation at three points during the nucleation of
spontaneous slip event and the perturbed slip event are shown in panel (a)
through (d) (Griffa et al., 2011).

In this dissertation, we focus on 3D DEM modeling, since as will
be discussed in the coming chapters, the three dimensionality and its
additional degrees of freedom add many more features in the DEM model
including significant precursory activity, creep-like behavior before slip
events (Fig. 2.23) and delayed triggering, i.e., triggering of a slip event
long after vibration is removed, but still before the original slip event
onset, so yet with a clock-advance. These features were not present in
the 2D simulations. However, both the precursory activity and delayed

38



2.6. NEEDS FOR FURTHER RESEARCH

triggering are frequently observed in the experimental setup at the Penn
State (Johnson et al., 2008, 2013a). 3D simulations are therefore closer
to the qualitative behavior observed in the experiments.

Figure 2.23: Schematic features of the stick-slip dynamics in the 2D disk-like
granular layer and 3D spherical granular layer.

2.6 Needs for further research

There are many evidences that granular materials are playing a key role
in fault triggering in the laboratory and earth. Despite the richness of
experimental observations confirming the signatures of granular physics
at the core of dynamic earthquake triggering, it still remains an open
question how the small amplitudes of dynamic strain can cause triggering.
Further research is needed especially to characterize the granular physics
that researchers posit as enabling triggering and to test the hypothesis
of weakening of the granular gouge layer due to the passage of seismic
waves. The existence of a triggering threshold of the induced dynamic
strain, a feature that has been much debated by previous researchers,
needs to be explored. It is especially needed to find the influence
of the duration of perturbation and its frequency content on dynamic
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earthquake triggering. Furthermore, earth scale observations suggest that
the triggering influences are often observed in the form of delayed events
and are, most of the time, long-lived. The origin of this delayed and long-
term evolutions of the earthquake cycles needs to be explored at the fault
gouge scale. Based on a better understanding of the interactions between
the gouge mechanics, the earthquake dynamics and the seismic waves
and the consequent perturbation of the macroscopic frictional properties
of a fault system by the seismic waves themselves, it will be possible
to develop novel statistical approaches to infer increased earthquake risk
owing to dynamic triggering. Providing a path for bridging the modeling
scale to the laboratory scale and from there eventually to the earth
scale observation is indeed an essential task. This PhD work aims at
contributing to the effort of understanding the granular physics controls
of dynamic triggering of slip in sheared granular layers, as a first step
towards a better understanding of the physics of dynamic earthquake
triggering.
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Chapter 3

Model configuration and para-
metric studies

This chapter begins with describing the basics of the Discrete Element
Method (DEM) modeling that is used in this thesis to model a fault
with granular gouge. The formulation of the numerical scheme and the
main parameters/variables used in the numerical code are explained.
The main macro-scale measures that are implemented for monitoring the
dynamic behavior of our DEM model are introduced. The remaining of
this chapter is devoted to the parametric studies of the mechanical and
physical parameters and geometrical settings that are explored in this
study. The parametric studies of the mechanical/physical parameters
deal with finding the region within the parameter space that results in a
stick-slip dynamic regime for the sheared granular layer (the modeled fault
with granular gouge) under the used loading conditions. The parametric
studies regarding the geometrical settings are performed to understand the
influences of changing the size of the system on the observed spontaneous
stick-slip behavior.
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3.1 DEM modeling of granular materials

The open source code ESyS-Particle is used in this PhD work for Discrete
Element Method simulations. This code is developed at and maintained
by the Earth Systems Science Computational Center of the University of
Queensland, Brisbane, Australia. The basic principles of ESyS-Particle
are similar to those developed and described by Cundall and Strack
(1979c). Each calculation step in the DEM simulations consist in the
application of Newton’s second law to the particles and of a force-
displacement law at the contacts. This is repeated for consecutive time
steps (finite difference time domain, FDTD, numerical discretization of
Newton’s second law for each particle). Newton’s second law gives the
motion of a particle resulting from the forces acting on it. The calculation
steps of the DEM method are schematically shown in figure 3.1. The soft
sphere approach is used in this work, meaning that the particles can have
overlap after they get in contact. The contact force is proportional to the
overlap between the two particles.

a b a b a
b

ra rb rc
a

rc
b

rc

Figure 3.1: Schematic diagram illustrating the DEM soft-sphere modeling
approaches; particle velocities before interaction are given by ṙa and ṙb; post
interaction velocities are given by ṙc

a and ṙc
b (O’Sullivan, 2011).

A force-displacement law is used to determine forces from displace-
ments. This force-displacement law can be presented for the case of two
discs in contact, discs a and b, in figure 3.2. The coordinates of the
disc centers are represented as ~r a and ~r b. The indices 1 and 2 refer
to the coordinates of a Cartesian coordinate system that is indicated in
figure 3.2. The components of the velocity vectors of discs a and b are
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~̇r
a

= ṙ1
a ~e1 + ṙ2

a ~e2, ~̇r
b

= ṙ1
b ~e1 + ṙ2

b ~e2 and the angular velocities are
θ̇a and θ̇b, where the dots stand for differentiation with respect to time.
Discs a and b have radii Ra and Rb and masses ma and mb. Points P a

and P b are defined as the points of intersection of the line connecting the
disc centers with the boundaries of discs a and b, respectively. Two discs
are taken to be in contact only if the distance D between their centers is
less than the sum of their radii. The unit vector ~d = (cosα)~e1 + (sinα)~e1
is introduced as pointing from the center of disc a to the center of disc b,

~d =
~r b − ~r a

D
= (cosα)~e1 + (sinα)~e2 (3.1)

and the unit vector ~t is obtained by a clockwise rotation of ~d through 90◦,
i.e,

~t = d2 ~e1 − d1 ~e2 (3.2)

The relative velocity of point P a with respect to P b now may be

expressed as ~̇U with

~̇U = (~̇r
a
− ~̇r

b
)− (θ̇a − θ̇b)~t (3.3)

The normal, ~̇n, and tangential, ~̇s, components of the relative velocities

are the projections of ~̇U onto ~d and ~t, respectively. The components
of the relative displacement increment, ~∆n and ~∆s, are calculated by
multiplying the relative velocity component by time increment,

~∆n = ~̇n∆t (3.4)

~∆s = ~̇s∆t (3.5)

These relative displacement increments are then used to calculate the
increments of the normal and shear forces, ~∆Fn and ~∆Fs, using the force-
displacement law,

~∆Fn = kn ~∆n (3.6)

~∆Fs = ks ~∆s (3.7)
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(a) Particles positions

(b) Particles displacements

Figure 3.2: The interaction of two particles via the force-displacement law.
The figure is redrawn from (Cundall and Strack (1979c)).
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where kn and ks represent the normal and shear stiffnesses of the
particles, respectively. Finally, at each time step the force increments
~∆Fn and ~∆Fs are summed up with all force increments of previous time

steps to determine total normal, ~Fn, and tangential, ~Fs, forces.

A Coulomb-type friction law is incorporated as follows to include
frictional behavior at the granular scale. The friction law controls the
onset of sliding due to the tangential force at each contact. Coulomb-
type friction laws have been widely used for modeling the behavior
of frictional granular materials especially when they are composed of
spherical particles (Cundall and Strack, 1979b,a; Cundall, 1989). It is
also capable of incorporating static and dynamic frictional behaviors at
the grain scale with a linear function. It is therefore a computationally
efficient choice. In the implemented friction law, the magnitude of the
shear force , Fs, is checked against the maximum possible value (Fs)max
defined as

(Fs)max = Fn tan φµp (3.8)

where φµp is the smaller of the interparticle friction angles of the two
discs in contact. The interparticle friction coefficient, µp, can be either
static, µps , or dynamic, µpd . If the absolute value of Fs is larger than
(Fs)max, Fs is set equal to (Fs)max. Once the normal and shear forces
have been determined for each contact of a disc, they are decomposed
along the 1 and 2 directions. The sum of these contact force components
gives the resultant forces, ΣF1

a and ΣF2
a. The resultant moment acting

on disc a is found from ΣMa = ΣFsR
a, where summation is taken over

all contacts of disk a. The resultant moments and forces acting on disc a
are used with Newton’s second law to determine the accelerations at each
time step, ~̈r

a
and θ̈ a.

The current resultant force and the moment at time tN , are assumed
to act on disc a during the interval ∆t from tN− 1

2
to tN+ 1

2
. Newton’s

second law applied to disc a is then

ma ~̈r
a

= Σ ~Fi
a − αd ~̇r

a
(3.9)

Iaθ̈ a = ΣMi
a − αd∗θ̇ a (3.10)
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where Ia represents the moment of inertia of disc a. In the above
equation, αd and αd

∗ are the coefficients of global (or mass) damping

operating, respectively, on ~̇r
a

and θ̇ a. The damping coefficient applied

to ~̇r
a

is also called linear damping, while the one applied to θ̇ a is called
rotational damping. The damping scheme is usually implemented in DEM
codes to artificially decrease the unbalanced forces and maintain their level
at a certain acceptable value. ESyS-Particle solves Newton’s equations of
motion for the center of mass of each particle by a first order, explicit
finite difference scheme and for the rotation angles about the center of
mass by a finite difference rotational leapfrog algorithm (Wang, 2009).
Further implementations of the ESyS-Particle are described in Wang et al.
(2006); Wang (2009).

3.2 DEM model description

Figure 3.3 illustrates the DEM model of the granular fault gouge. The
model consists of three primary layers of particles: a driving block at the
top, a granular gouge layer and a substrate block at the bottom. The
driving and substrate blocks are used to confine the granular gouge by
applying a constant normal force in the Y -direction. The top driving
block moves at constant velocity in the positive X-direction and applies
a shear force to the granular gouge layer.

Figure 3.3: (a) 3D DEM model comprised of the driving block (top), a granular
gouge layer (center) and a substrate block (bottom).
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Each variable/parameter in this 3D DEM model is expressed in terms
of the following basic dimensional units: L0 = 150 µm, t0 = 1 s and
M0 = 1 kg, for length, time and mass, respectively. L0 represents the
largest particle radius within the overall DEM model.

The driving and substrate blocks are modeled as systems of spherical
bonded particles. The structure of these two blocks allows for dynamic
interaction with the granular gouge layer during shearing, analogous to
tectonic blocks in a fault system. The driving and substrate blocks consist
of two sub-layers. The first sub-layer (top layer - brown colored particles-
for the driving block and bottom layer -red colored particles- for the
substrate block) consists of a Hexagonal Close Packed (HCP) arrangement
of particles with radius L0. This layer ensures the flexural rigidity of the
driving and substrate blocks , while it allows elastic deformation and
dynamic interaction. The second sub-layer (roughness layer, dark and
light blue colored particles) consists of particles with radii distributed
within [0.3; 1.0]L0. These roughness layers are meant to increase the
roughness in the interaction of the top monosized HCP layers with the
granular gouge layer. The particle interaction of both the HCP and
roughness layer is modeled by Hookean springs. The normal contact
stiffness, kn is 2.9775× 107 M0 · t0−2.

The granular gouge layer includes a set of spherical, unbonded particles
with radius in the range [0.35; 0.55]L0. The granular gouge layer particles
interact with each other and with particles of the driving block/substrate
via a Hookean spring with normal and tangential components. The radial
component has a spring stiffness kn = 5.954× 107 M0 · t0−2. The spring
stiffness of the tangential component is ks = 5.954 × 107 M0 · t0−2. The
frictional interaction among the granular gouge particles is implemented
according to the descriptions of the previous section.

The particle assemblies of the roughness layers, as well as of the
granular gouge layer were initially generated using a space-filling particle
insertion method (Schoepfer et al., 2009). Figure 3.4 shows the Particle
Size Distributions (PSDs) of both the roughness and granular gouge layers.
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Figure 3.4: Particle Size Distribution of the roughness layer of the driving
block/substrate and of the granular gouge layer. The PSD is expressed as the
cumulative distribution function (CDF) of the particle radius, R, treated as a
random variable. The letter P indicates the probability for the event indicated
in between the following parentheses.

Periodic boundary conditions are employed in the X direction. They
allow to approximately simulate granular gouge systems with length larger
than what actually setup, even though the periodicity may produce some
finite size effects on the simulation results. The two lateral sides of the
medium in Z direction are bounded by frictionless deformable walls with
the same stiffness of the granular gouge layer particles to avoid a rigid wall
boundary condition and allow for comparable deformation of walls with
the particles in contact with them. In the Y -direction, there is no elastic
interaction between the walls and the particles and the particles are just
bonded to the walls. For the selected geometry, the driving and substrate
blocks have thickness in Y -direction of approximately 7.0L0, with the
ratio between the thickness of the roughness layer and the thickness of the
HCP layer being 0.32. The initial thickness of the granular gouge layer is
6.25L0, which is about 7 times the average size of the granular gouge layer
particles, d. This thickness is enough for having jamming/unjamming
transitions in the layer (Marone et al., 2008). The thickness in the Z-
direction is chosen as 5.46L0, which is Z-dim ≈ 6d. The length of the
system in X-direction is 70L0. Influence of the X, Y and Z dimensions of
the system on the stick-slip behavior are presented and discussed in next
sections of this chapter.
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Figure 3.5: Confining stress and shear velocity time series during the
consolidation stage and ramp protocol, respectively. The ramp protocol is
implemented for gradually increasing the shear velocity to the desired value.

The finite difference time step ∆t = 15 × 10−6t0 is chosen small
enough to guarantee numerical stability and to satisfy the sampling
theorem for a vibration signal with frequency fmax = 1 × 104 Hz that
is used in the perturbed simulations that will be discussed in Chapter 5.
Each simulation run consists of two stages. During the first stage, the
consolidation stage, no shear load is imposed and the granular gouge
layer is compressed by the vertical displacement of both the driving
block and the substrate. The displacement continues until the applied
normal stress on the granular gouge layer equals the desired value of Pn.
The second stage of each simulation run starts after the consolidation
stage and consists in keeping the normal load constant on the driving
block while applying a constant velocity of VX,0 to the top particles of
the driving block. The imposed velocity introduces a shear load to the
granular system. A ramp protocol is employed for gradually increasing
the shear velocity from 0 to VX,0 (Griffa et al., 2011, 2012, 2013). The
confining stress and shear velocity variations during the consolidation
stage and the ramp protocol afterward are shown in figure 3.5. After
shearing of the granular layer starts, the internal structure of the layer
gradually changes and shear bands form inside the medium. Only after
this transitional period, the stick-slip dynamic regime emerges. Figure 3.6
shows the friction coefficient signal for the transitional period (shaded
area) after shearing starts and the emergence of the stick-slip dynamics
in the macroscopic friction coefficient signal. The macroscopic friction
coefficient, µs, at any time in the simulation, is defined as the ratio of
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the shear stress to the normal (confining stress) of the sheared granular
media. For brevity,“friction coefficient” is used instead of “macroscopic
friction coefficient”.

Figure 3.6: Friction coefficient signal for beginning of a stick-slip simulation.
The shaded part of the plot indicates the time that it takes until the internal
structure of the granular layer gradually transforms from the one under the
confining stress only (consolidation stage) to the one that is under shear loading.
This transition corresponds to formation of shear bands in the granular layer.

Measure of slip events size

The macroscopic friction coefficient, kinetic energy, and potential energy
time series are often presented throughout this dissertation to monitor the
behavior of the sheared granular layer. The kinetic energy of each j-th
particle belonging to the granular gouge layer, Kj , is defined as,

Kj = Kj
trans +Kj

rot (3.11)

where Kj
trans is the j-th particle translational kinetic energy and Kj

rot

is its rotational kinetic energy. The translational and rotational kinetic
energies of particle j are respectively defined as:

Kj
trans =

1

2
mj‖~̇r

j
‖2 (3.12)

Kj
rot =

1

2
Ij(ωj)2 (3.13)
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In Eq. 3.12, mj is the j-th particle’s mass, ~̇r
j

is its displacement vector,
an overdot indicates a temporal derivative, and ‖·‖ indicates the Euclidean
norm (magnitude) of a Euclidean vector. In Eq. 3.13, Ij indicates the j-th
particle’s moment of inertia and ωj is its angular velocity. We define the
total kinetic energy for the overall granular gouge layer as,

Ktot ≡
∑

j=1,...,M

Kj (3.14)

where M the total number of granular gouge layer particles. The
potential energy of each i-th contact between two grains belonging to the
granular gouge layer, V i, is defined as,

V i = V inormal + V itangential (3.15)

where V inormal is the i-th contact normal potential energy and V itangential
is its tangential potential energy respectively defined as:

V inormal =
1

2

(Fn)2

kr
(3.16)

V itangential =
1

2

(Fs)
2

ks
(3.17)

In the above equations, Fn and Fs are the normal and tangential
contact forces. We define the total potential energy for the overall granular
gouge layer as:

Vtot ≡
∑

i=1,...,Nc

V i (3.18)

where Nc the total number of particles’ contact in the granular gouge
layer.

Figure 3.7 shows the friction coefficient -in panel (a)-, thickness of the
granular layer -in panel (b)- kinetic energy -in panel (c)- and potential
energy -in panel (d)- time series of a slip event. During the stick phase
the system dilates and its thickness gradually increases, while the slip
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event is accompanied by a compaction and thickness decrease in the
granular layer. At the onset of a slip event, the kinetic energy increases
sharply from the background level. The largest kinetic energy increase,
due to transformation of the potential energy stored in particle contacts
into particle kinetic energy, occurs at the moment of a slip event. The
translational and rotational kinetic energy components show the same
features during stick-slip cycles, however the translation kinetic energy
values are most of the times 2 to 2.6 times larger than the rotational
kinetic energies. The potential energy of the granular layer increases
during the stick phase and a slip event results in a noticeable release
of potential energy. In what follows, including figure 3.7, every type of
energy is expressed in units of M0 ·L0

2 · t0−2. The energy released during
a slip event with a length of N time steps of size ∆t, is defined as,

E =

N∑
i=1

(Ktot −Ktot,0) · γ̇ ·∆t (3.19)

where γ̇ is the shear strain rate of the driving block, which is calculated
as the temporal derivative of the ratio between the driving block top layer
displacement and the granular gouge layer thickness (units s−1). The
shear strain rate is nearly constant over the time period of a slip event
and is used to obtain the correct units of energy for E after the integration
in time. In addition, Ktot,0 is the background value of Ktot before the slip
onset.

The parametric studies that are carried out in this work can be
summarized in the following parts:

1. Particle interaction parameters

(a) Interparticle friction

(b) Global damping used in DEM

2. Loading (Pressure-Velocity (Pn − Vs) “phase space”) parameters

(a) Confining stress

(b) Shear velocity

3. Geometrical and mechanical parameters
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Figure 3.7: A slip event in the 3D DEM model: time series of (a) friction
coefficient; (b) thickness; (c) kinetic energy; (d) potential energy.

(a) Influence of the size of the model

(b) Influence of the thickness of the granular gouge layer

(c) Influence of the bond stiffness in the driving and substrate
blocks

We would like to note that the particle size distribution used in this
numerical study corresponds to the same particle size range of the glass
beads used as model fault gouge in the experiments by Johnson et al.
(2008) performed at the Pennsylvania State University. This particle size
range leads to a quasi-uniform particle size distribution. Using a wider
range of particle sizes does not allow the formation of stick-slip dynamics
and would result in continuous/steady sliding in the granular layer.

For the case of perturbed simulations, influences of duration, ampli-
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tude, mode (shear, normal) and frequency of the applied vibration to the
substrate block have also been explored and will be discussed in Chapter
7 of this dissertation.

3.3 Particle interaction parameters

The elastic constants of particle interaction (kn and ks in equations 3.6
and 3.7) are chosen to obtain shear modulus values of ≈ 3-4 GPa at the
beginning of stick phases, which is a range observed for Quartz granular
gouges (Knuth et al., 2013). The density of a single particle in our
DEM model, ρs, is chosen as 2.9 × 1011[ kgm3 ]. The choice of ρs is based
on a density scaling scheme (Cundall, 1982; Thornton, 2000; O’Sullivan
and Bray, 2004) that is frequently used in DEM modeling studies to
increase the simulation time step (∆t ∝ √ρs) and to make the simulations
computationally feasible. At the same time, we checked that the inertia
number (MiDi (2004); Agnolin and Roux (2007); Sheng et al. (2004)) of
the DEM runs is always below 10−6 to ensure that the behavior remains in
the quasi-static regime and the density scaling effects would be negligible.
The Inertia number, Ig, quantifies the significance of dynamic effects in
a granular material. It measures the ratio of inertial forces of grains to
imposed forces: a small value corresponds to the quasi-static state, while
a high value corresponds to the inertial state or even the “dynamic” state.
The inertia number can be calculated using Eq. 3.20.

Ig =
γ̇d√
P/ρ

(3.20)

In Eq. 3.20, γ̇ is the shear rate, d is the average particle diameter,
P is the pressure and ρ is the density. Generally three regimes can be
distinguished for the ranges of the inertia number:

Ig < 10−3: quasi static flow

10−3 < Ig < 10−1: dense flow

Ig > 10−1: collisional flow
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3.3.1 Friction coefficient

Interparticle friction coefficient, µp, is a parameter that contributes to
the particles interaction. Figure 3.8 shows the macroscopic friction
coefficient signal, µs, for simulations with interparticle friction values
of µps = µpd=[0.4,0.6,0.8] at confining stress of 4 MPa. By increasing
the friction coefficient value beyond µp = 0.4, the frequency of small
fluctuations in the macroscopic friction coefficient signal, µs, increases.
However, this does not have any influence on the average value of µs, as
can be seen in the figure. Friction coefficient values of µps = µpd = 0.4 are
then chosen for the definitive model. The frictional interaction between
the granular gouge particles and the roughness layers’ particles is modeled
in the same way with the friction coefficients of µps = µpd = 0.7. These
values were selected to enhance the stick-slip behavior by increasing the
frictional interaction at the interface between the two layers.
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Figure 3.8: Friction coefficient signals for simulations with different interparticle
friction coefficient values for the confining stress of 4 MPa.
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3.3.2 Global damping used in DEM
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Figure 3.9: Friction coefficient signals for simulations with different damping
coefficient values (αd) for the confining stress of 40 MPa and shear velocity of
Vs = 0.004[L0

to
].

Discrete element method simulations do not have any iteration during
its calculation cycles, i.e., at each step of the FDTD scheme for the
numerical integration of Newton’s law. As a result, unbalanced forces
start to accumulate during the simulation. A damping scheme is usually
implemented in DEM codes to artificially decrease the unbalanced forces
and maintain their level at a certain acceptable value. The damping
scheme in the ESyS-Particle code is implemented as global body forces
applied to all particles (Cundall and Strack, 1979c). The influence of this
damping scheme can be described as an artificial viscous fluid surrounding
all grains. The coefficient of viscosity is used as damping value in the
simulations. Both linear and rotational dampings with the same damping
coefficients are used.
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Figure 3.9 shows the friction coefficient signal, µs, for different
damping coefficients (αd). The kinetic energy signal for these simulation
is shown in figure 3.10. These results show that there is an optimum value
of damping coefficient, αd ≈ 1 × 106M0

t0
, that helps to achieve stick-slip

dynamics. Using a higher damping coefficient as in panels (a) and (b)
of Fig. 3.9 and Fig. 3.10 dampens significantly the formation of a slip
event by introducing an excessive negative artificial body force in each
time step. On the other side, using a lower damping coefficient than the
optimum range as in Figs. 3.9 and 3.10 panels (d) and (e) does not allow
the medium to achieve a dense continuous flow required for the stick-
slip dynamics. For low damping coefficients, an intermittent collisional
dynamics between grains is observed instead. As a result, a damping
coefficient of αd = 1×106M0

t0
has been chosen for the stick-slip simulations.
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Figure 3.10: Kinetic energy signals for simulations with different damping
coefficient values (αd) for the confining stress of 40 MPa and shear velocity of
Vs = 0.004[L0
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3.4 Pn − Vs “phase space” parameters

The shearing velocity, Vs, and the confining stress, Pn, are the two
control parameters for the dynamics of sheared granular systems. A
sheared granular system can either show steady sliding motion (also
called stable sliding/continuous flow) or exhibits sick-slip. The pressure-
velocity (Pn − Vs) “phase space” has been studied for granular systems
with different geometries and shearing modes in experiments by Nasuno
et al. (1998) and in numerical simulations by Aharonov and Sparks
(2004) and Arcangelis et al. (2011). As the geometrical and physical
properties of the present system is different from those already studied
in literature, we performed a series of simulations with different values
of pressure, Pn ∈ [4, 16, 40, 80, 100, 200, 400]MPa and velocity, Vs ∈
[0.001, 0.002, 0.004, 0.01, 0.04, 0.05, 0.1, 0.2, 0.5, 1, 4][L0

t0
] to construct the

Pn − Vs “phase space” for a selected geometry.

3.4.1 Confining stress

Figure 3.11 shows the friction coefficient time series for a range of confining
stresses (Pn = [4, 8, 40, 200] MPa) at shearing velocity of Vs = 0.01[L0

t0
].

The kinetic energy time series of these simulations are shown in Fig. 3.12.
As it can be seen in these two figures, by increasing the confining stress,
the behavior gradually moves from steady sliding to a transitional state
between sliding and stick-slip. During the stick-phase of a stick-slip cycle,
the particles motion must be quite small compared to the applied shear
velocity. This particles motion is reflected in the background (during stick
phase) values of the kinetic energy signal. Figure 3.11 shows than even
in the highest confining stress at applied shear velocity of Vs = 0.01[L0

t0
],

the background kinetic energy still exhibits quite large values, indicating
that the systems is not yet fully in stick-slip regime.
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Figure 3.11: Friction coefficient signals for simulations with different confining
stresses, Pn, and shearing velocity of Vs = 0.01[L0
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Figure 3.13: Friction coefficient signals for simulations with different confining
stresses, Pn, and shearing velocity of Vs = 0.004[L0

t0
].

60



3.4. PN − VS “PHASE SPACE” PARAMETERS

10
0

10
1

10
2

10
0

10
1

10
2

10
4

10
0

10
2

10
4

10
0

10
2

10
4

10
0

10
2

10
4

P
n

=686MPa

P
n

=6406MPa

P
n

=61006MPa

P
n

=62006MPa

P
n

=64006MPa

P
n

=646MPa

Time6[t0]

(a)

(b)

(c)

(d)

(e)

K
in

et
ic

6e
n

er
gy

6s
ig

n
al

s

10
0

10
1

10
2

1400 1410 1420 1430 1440 1450 1460 1470 1480 1490 1500

10
2

10
4

10
0

10
2

10
4

10
0

10
2

10
4

10
0

10
2

10
4

P
n

=686MPa

P
n

=6406MPa

P
n

=61006MPa

P
n

=62006MPa

P
n

=64006MPa(e)

Figure 3.14: Kinetic energy signals for simulations with different confining
stresses, Pn, and shearing velocity of Vs = 0.004[L0

t0
].

In figures 3.13 and 3.14, friction coefficient and kinetic energy time
series for simulations with different confining stresses at a lower shear
velocity of Vs = 0.004[L0

t0
] are presented, respectively. In these figures,

as the confining stress increases, the behavior moves from a transitional
state between steady sliding and stick-slip to full stick-slip motion. The
confining stresses of Pn = [40, 100, 400] MPa correspond to stick-slip
dynamics, while confining stresses of Pn = [4, 8] MPa show a transitional
behavior. The confining pressure of Pn = 400 MPa however results in a
significant overlap between particles and very high values of background
kinetic energy level due to the unbalanced forces caused by such overlaps.

Figure 3.15 shows the complementary cumulative distribution1 of slip
event size in terms of energy release for three different confining stresses

1complementary Cumulative Distribution Function, cCDF (X ≥ x), describes the
probability that a real-valued random variable X with a given probability distribution
will be found at a value larger than or equal to x.
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of 40, 100 and 400 MPas. The slope of a power law2 best fit to the size
distributions decreases and the relative number of large events increases as
the confining stress increases. This behavior is similar to the observation
from the analytical theory developed for avalanches in sheared granular
materials by Dahmen et al. (2011). The analytic theory developed
by Dahmen et al. (2011) predicts that as the packing fraction increases,
the population of large events increases. The increase in confining stress
results in a denser packing of particles and higher packing fraction.
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Figure 3.15: Complementary Cumulative Size Distribution (cCDF) of slip
events energy size for simulations with different confining stresses (Pn =
40, 100, 400 MPa), and shearing velocity of Vs = 0.004[L0

t0
].

2The power law scaling suggests scale invariance in the statistics of an observed
phenomenon. Given a relation f(x) = axk, scaling the argument x by a constant
factor c causes only a proportionate scaling of the function itself. That is, f(cx) =
a(cx)k = ckf(x) ∝ f(x). The scale-invariance is an important feature of self-organized-
critical phenomena. The self-organized criticality (SOC) is a property of dynamical
systems which have a critical point as an attractor. Their macroscopic behavior thus
displays the spatial and/or temporal scale-invariance characteristic of the critical point
of a phase transition. The Gutenberg–Richter law for earthquake sizes is an example
of power-law scaling. In complex systems, power laws are also often thought to be
signatures of stochastic processes. This important scaling emerges in our model’s
behavior and will be discussed in more details in Chapter 4, section 4.1 of this
dissertation.
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3.4.2 Shear velocity

Figure 3.16 shows the friction coefficient time series for different values
of shearing velocity, Vs = [0.004, 0.01, 0.1, 1][L0

to
] and with confining stress

of Pn = 40 MPa. Kinetic energy time series of these simulations are
presented in figure 3.17. Figures 3.16 and 3.17 highlight the influence of
shearing velocity on the dynamical behavior of a sheared granular layer.
As the shearing velocity increases, the background kinetic energy increases
as well, and the systems moves from stick-slip (at Vs = 0.004[L0

t0
]), to

a transitional dynamics between steady sliding and stick slip (at Vs =
0.01[L0

t0
]), and finally to steady sliding regime (at Vs = [0.1, 1.0][L0

t0
]).

The friction coefficient time series for a set of simulations with different
shearing velocities at confining stress of Pn = 4 MPa are presented in
figure 3.18 and show a similar evolution from the transitional behavior
between stick-slip and steady sliding to fully steady sliding by increasing
the shearing velocity.
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Figure 3.16: Friction coefficient signals for simulations with different shearing
velocities, Vs, at confining stress of 40 MPa.
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Figure 3.17: Kinetic energy signals for simulations with different shearing
velocities, Vs, at confining stress of 40 MPa.
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Figure 3.18: Friction coefficient signals for simulations with different shearing
velocities, Vs, at confining stress of 4 MPa.

The role of the two control parameters (Pn and Vs) for the ranges
explored in the parametric studies of this research is summarized in
figure 3.19. The “phase space” shows that stick-slip motion emerges
at high confining stresses and small shearing velocities, while steady
sliding dominates at low pressures and high shearing velocities. This
is in agreement with experimental results with sheared granular media
by Nasuno et al. (1998), as well as with the numerical results found in two
and three dimensional DEM studies of systems with different settings from
the ones used in this research (Aharonov and Sparks, 2004; Arcangelis
et al., 2011).
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Figure 3.19: Pn-Vs “phase space” for the DEM model of sheared granular layer
with the selected geometry. The star sign (?) shows the selected values of
confining pressure (Pn) and shear velocity (Vs) used for the remaining chapters
of this dissertation.

We choose the parameter values that result in stick-slip behavior in
the system for the next chapters of this dissertation as Vs = 0.004[L0

to
]

and P = 40 MPa.

3.5 Geometrical and mechanical parameters

3.5.1 Influence X, Y and Z dimension sizes

Z-dim influence

The default (selected) thickness in the Z− direction is chosen as 5.46L0.
The Z− direction thickness corresponds to three layers of HCP particles
(in the Z− direction) for the driving block and gives space, on average,
for 6 particles in the Z− direction of the granular gouge layer. This for
brevity is referred to as Zdim = 6d in the figures, where d represents the
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average size of the granular gouge particles . To determine the sufficient
value of Zdim that enables formation of strong force chains supporting the
frictional behavior of the granular layer, we ran simulations with Zdim =
[1, 2, 3, 4, 10] HCP particles, corresponding on average to [2, 4, 6, 8, 20]d
particles in the Z− direction of the granular gouge layer. The initial
particle packing of these simulations are shown in Fig. 3.20. The friction
coefficient time series of these simulations are presented in Fig. 3.21 and
show that for Zdim > 2, frictional strength of the layer increases and then
essentially saturates. The increase of the friction coefficient for Zdim > 2
(or equivalently for average number of granular gouge particles in the
Z− direction>4) corresponds to the mobilization of the maximum stable
combination of possible force chains (in the Z− direction) (Tordesillas
et al., 2011).

The complementary Cumulative Distribution Function (cCDF) of
event energy release for different thicknesses in the Z− direction are
presented in figure 3.22. The size distribution are presented for all events
in figure 3.22-a and for events with E > 5.0 × 10−7M0 · L0

2 · t0−2 in
figure 3.22-b separately. There is neither a significant nor a systematic
change in the event size cCDF for different Z− direction thicknesses.
However, the smallest thickness value, Zdim = 2d, corresponds to a bigger
population of large events. This observation is due to to the following two
reasons:

(1) Zdim = 2d is very close to a two-dimensional granular layer.
Therefore, communication between localized events (i.e. if we look at
localized unjamming events in the granular layer, they must communicate
and connect together to make a large system-spanning slip event) will
occur nearly in two dimensions in this case. As a result, formation of
large events must occur with more easily and larger probability for the
case of Zdim = 2d.

(2) Maximum stable combination of possible force chains will not be
mobilized for Zdim = 2d. As a result, weaker force chains will form which
will fail more easily and produce more slip events.
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Z-dim = 2d Z-dim = 4d Z-dim = 6d

Z-dim = 8d Z-dim = 20d

Figure 3.20: Initial particle packings of simulations with different out of plane
(z-direction) widths (bead layers).
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Figure 3.22: Complementary Cumulative Size Distribution (cCDF) of slip
events in simulations with different out of plane (Z-direction) widths. Panel
(a) shows results for all events, while panel (b) shows results for events with
E > 5.0 × 10−7M0 · L0

2 · t0−2.
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Y -dim influence

The same procedure as for Z direction has been carried out for choosing
the thickness of the system in Y− direction for the granular gouge
layer. Figure 3.23 shows the initial particle packing of simulations with
[7, 14, 21]d particles in the Y− direction of the granular gouge layer. The
friction coefficient signals of these simulations are shown in Fig. 3.24,
confirming that the qualitative features of the stick-slip dynamics in the
systems remains unchanged by increasing the Y− dim beyond 7d. System-
spanning slip events are observed in all simulations with Y− dim ≥ 7d.

Figure 3.23: Initial particle packings of simulations with different thicknesses
of the granular gouge layer in the Y -direction.
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Figure 3.24: Friction coefficient time series for simulations with different
thicknesses of the granular gouge layer in the Y -direction

The size distributions of slip events (cCDF) for different Y -dim values
are presented in Fig. 3.25. The results are presented separately for all
event sizes (in panel a) and large events with E > 5.0× 10−7M0 ·L0

2 ·t0−2
(in panel b). As can be seen in these figures, event size statistics remains
almost unchanged. The only difference consists only in a slightly larger
value of the cut off from a power law behavior for larger Y− dim thickness.
This relates to the fact that the results are presented for the same time
intervals for all simulations. However, it takes a longer time for larger
samples to achieve the same density (packing fraction) as for the smaller
samples. As a result, larger samples would have slightly lower packing
fraction values, which would increase the intensity of the cut off behavior
and its threshold (Dahmen et al., 2011).
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Figure 3.25: Complementary Cumulative Size Distribution (cCDF) of slip
events in simulations with different thicknesses of the granular gouge layer in
the Y -direction. Panel (a) shows results for all events, while panel (b) shows
results for large events with E > 5.0 × 10−7M0 · L0

2 · t0−2.

X-dim and periodic boundary influence

In order to check the influence of the X-dimension and the periodic
boundary in that direction, another configuration with twice the size of the
default medium, X-dim=70[L0], has been simulated. Figure 3.26 shows
the default simulation (X-dim=70[L0]) and the simulation with twice the
length (X-dim=140[L0]). The friction coefficient time series for the two
simulations are shown in figure 3.27 and confirm that the medium remains
in a qualitatively similar stick-slip dynamics by increasing its length. The
events size distribution (cCDF) for the two simulations are presented in
figure 3.28 and further confirms that by increasing the length to two times
the default value, the statistics of slip events (large events and all events)
does not change significantly. As a result, we chose X-dim=70[L0] as
the selected geometry for running further simulations of this dissertation,
since there was not a significant influence by running a model with X-
dim=140[L0].
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Figure 3.26: Initial particle packings of simulations with different X-
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Figure 3.28: Complementary Cumulative Size Distribution (cCDF) of slip
events in simulations with different X-dimensions. Panel (a) shows results for
all events, while panel (b) shows results for large events with E > 5.0× 10−7M0 ·
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3.5.2 Bond stiffness in the boundary blocks

The complexity of earthquakes on mature faults is due to complicated
interactions between local deformations in the granular gouge and de-
formable elastic rocks in the earth’s crust. The DEM model developed
in this dissertation accounts for this aspect of natural faults by shearing
the granular material between two deformable blocks. The deformable
blocks are modeled as bonded particles with a certain shear and normal
stiffness. The stiffness of the bonds between particles contributes to the
overall dynamics of the granular gouge layer. This feature represents a
key difference compared to spring-slider models of boundary blocks in
the other modeling efforts of shear setups (Pica Ciamarra et al., 2010;
Aharonov and Sparks, 2004; Morgan and Boettcher, 1999). The boundary
blocks store and release potential energy in their interaction with the
granular gouge layer.
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Figure 3.29: Complementary Cumulative Size Distribution (cCDF) of slip
events in simulations with different stiffness values for the bonds of the substrate
and driving blocks’ particles. Panel (a) shows results for all events, while panel
(b) shows results for large events with E > 5.0 × 10−7M0 · L0

2 · t0−2.

The influence of the bond stiffnesses is evaluated by running simula-
tions with different values of bond stiffnesses of [2, 4, 6, 8, 10, 20] × the
default bond stiffnesses. The normal bond stiffness of 3 × 107 M0 · t0−2
and shear bond stiffness of 2.25 × 105 M0 · t0−2 are the default values
used in this study. While all the simulations with different bond stiffness
values show stick-slip dynamics, size distribution of events presented in
figure 3.29 indicates that simulations with larger bond stiffness values
tend to have higher relative occurrence of large events. This result can
be explained by considering the fact that larger bond stiffnesses in the
driving and substrate (boundary) block result in higher potential energy
stored in those layers. However, during slip events, there is not only
release of potential energy from the granular gouge layer, but also from
the boundary blocks. A higher potential energy in the boundary blocks
will then promote the occurrence of larger events in the granular gouge
layer by releasing more potential energy during slips. This behavior is
studied in more details in Chapter 4 section 4.4, where the energy budget
of the slip events and the contribution of potential energy stored in the
boundary block are presented and discussed in more details. We chose
the default bond stiffness values for the rest of this thesis simulations,
because the stick-slip feature in all these simulations with higher bond
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stiffness values remain unchanged. In addition, as it will be discussed
in the next chapter, the exponent of the power law fit for the event size
distribution, in the case of the default value of bond stiffnesses, is already
in the range observed for earthquakes and granular fault gouges.

3.6 Conclusion

In this chapter, the basics of the DEM modeling used for the granular
gouge materials in this study is described. The most important param-
eters that controls the dynamical behavior of the model, including the
damping coefficients, interparticle friction coefficient, confining stress and
shearing velocity, are introduced and their influences on the stick-slip
dynamics of the granular layer are investigated. We then presented the
parametric studies of pressure-velocity (P−V ) “phase space” that resulted
in a stick-slip regime for the granular layer. Influences of the geometrical,
dimensional and some mechanical properties of the DEM model are also
explored in a detailed parametric studies presented in this chapter. The
results of the parametric studies determined the properties of the selected
geometry and loading conditions of the DEM model that is used for the
rest of this study.
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Chapter 4

Spontaneous stick-slip
dynamics in the DEM model

This chapter is devoted to characterizing the spontaneous stick-slip
dynamics in our DEM model. It begins with describing the behavior
of the reference simulations by monitoring the friction coefficient, kinetic
energy, thickness and slip event rate time series. The modeling results
show that large slip events are preceded by a sequence of small slip
events –microslips– whose occurrence accelerates exponentially before the
large slip event onset. Microslips exhibit energy release several orders of
magnitude smaller than the large slip events. The microslip event rate
is proposed as a measure of slip activity in the granular gouge layer. A
statistical analysis shows that microslip event rate correlates well with
large slip event onset and that variations in it can be used to predict
large slip events. The emergence of microslips and their duration are
found to be controlled by the value of the slipping contact ratio and
are therefore related to the jamming/unjamming transition of frictional
granular packings. The influence of the confining stress on microslip
activity is discussed afterward. We also investigate the evolution of
the mechanical and elastic properties of the sheared granular layer the
stick-slip cycles to understand the structural signatures of the microslip
behavior and weakening of the medium prior to large events. The
investigated elastic properties consist of shear modulus values and sound
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propagation features in the granular gouge layer during the stick phase and
just before the large slip events. In the last section, energy partitioning
during stick-slip cycles is presented and discussed. We particularly
investigated what portions of the total potential energy released from
the system is transformed into dissipations and kinetic energy during slip
events.

4.1 Precursory activity and microslips

There is increasing evidence that some proportion of large earthquakes are
preceded by a period of accelerating slip activity of small to moderate-
sized earthquakes, foreshocks, or slow-slip events (Sykes and Jaumé, 1990;
Kato et al., 2012; Bouchon et al., 2011, 2013). These observations are in
agreement with a scenario where foreshocks are the manifestation of an
initiation process leading to the mainshock(Ohnaka, 1993; Abercrombie
and Mori, 1996). We also know that tectonic fault zones contain granular
media known as fault gouge. Granular fault gouge plays a fundamental
role in determining the fault’s frictional strength and the earthquake slip
dynamics. Understanding and characterizing the behavior of sheared
granular layers in numerical simulations of stick-slip and laboratory
studies can provide important insight into the influence of the granular
friction on faults’ behavior. At the fault gouge scale, stick-slip experiments
show that slow displacements occur prior to the onset of large and rapid
slip events, such that there is a transition from quasi-static creep to
rapid and dynamic slip, e.g. Marone (1998a); Nasuno et al. (1997) for
sheared granular gouge layers, and Rubinstein et al. (2007); Baumberger,
Heslot, and Perrin (Baumberger et al.) for solid-on-solid frictional
interaction. The slow creep-like displacements can be explained by the
occurrence of microslips and microfailures in the system (Amon et al.,
2013; Pica Ciamarra et al., 2010; Papanikolaou et al., 2012).

The stick-slip behavior of the granular gouge layer in our DEM model
is monitored by the changes in the friction coefficient time series. In the
following, we focus on large slip events and associated activity that takes
place prior to each of them. Figure 4.1-a shows a typical time series of the
friction coefficient (time interval [255; 280]t0). Slip events are identified
when the first order derivative of the friction coefficient becomes negative
and lower than a threshold equal to −3 × 10−2t0

−1. This threshold is
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chosen to be small enough to capture small events, but large enough to
avoid capturing the intrinsic fluctuations of the friction coefficient due
to the granular dynamics1. In figure 4.1-a a characteristic large slip
event occurs at t1 ≈ 263[t0]. Figure 4.1-b shows the time series of the
granular layer’s total kinetic energy, which is the energy due to particles
movement. We distinguish three primary categories of slip events: large
slips, microslips before a large slip (red symbols, Fig. 4.1-a) and afterslips
that follow the large slip event (blue symbols, Fig. 4.1-a). The distinction
between the three types of slip events is based on the change in the
granular layer’s total kinetic energy during the slip event. At the onset
of a slip event, the kinetic energy increases sharply from the background
level. The largest energy release, which results from the partial conversion
into kinetic energy of elastic potential energy stored in particle contacts,
occurs at the moment of a large slip event. A detailed look at the friction
coefficient and kinetic energy before the large event at t1 ≈ 263[t0] is
given in the insets. We observe many small slip events manifest by abrupt
increases of kinetic energy compared to the background level. These slip
events release between 1 to 6 orders of magnitude smaller energy compared
to the large slip event. If an event is large enough (like at t1 ≈ 263[t0])
to activate other susceptible jammed regions of the granular layer, we
observe afterslips closely clustered in time after the large event. During
afterslips, the kinetic energy signal is elevated above the background level
preceding the large event. Afterslips involve an energy release comparable
to the large slip event. Figure 4.1-c shows the thickness of the granular
layer. At the time of the large slip event, the thickness of the granular
gouge layer shows a drastic compaction (thickness reduction). Microslips
occur in association with dilation of the granular gouge during the stick
phase (inset).

The grain re-arrangements can be characterized by studying the
slipping contacts. The ratio of the number of slipping contacts, i.e., those
contacts in which the tangential contact force is at the Coulomb threshold,
to the total number of contacts is called Slipping Contact Ratio (SCR)
and is presented in Fig. 4.1-d. We distinguish three levels of the SCR
during the stick phase of a characteristic large event. At the beginning

1By “granular dynamics” we mean slow rearrangement of particles due to constant
shear velocity applied to the top boundary of the granular layer. These small
rearrangements of particles are always present in the friction coefficient signal as a
background fluctuations, and they also manifest themselves as the background value
of the kinetic energy signal and slipping contact ratio.
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of the stick-phase, the SCR is about 0.01 (level 1) and no microslips
occur at this stage. As the friction coefficient increases, the shear force
between the particles increases, hence the SCR increases until it reaches
a value of about 0.04 (level 2). From this level on, the SCR slightly and
gradually increases and microslips appear with an increasing frequency
until the SCR reaches a value of about 0.06 (level 3) where the large slip
event occurs. The afterslips cluster after the large event where the SCR
is still higher than level 3. The large values for the SCR during afterslips
explains why their energy release differs noticeably from microslips. The
evolution of the SCR during a characteristic stick phase implies that
a background level of slipping contacts always exists in a dense sheared
granular layer and plays a major role in the slow rearrangement of particles
and loss/formation of old/new contacts. Microslips start to appear only
when the SCR rises above a certain minimum level. We use the Slip
Event Rate (SER), defined as the number of slip events per time unit
as a measure of slip activity. The SER includes microslips, large slip
events, and afterslips without distinguishing between them. Figure 4.1-
e shows the slip event rate for the time interval [255; 280]t0. Further
increase of the SCR above a certain critical level results in an increase
of SER, which leads to the onset of a large slip event. The critical SCR
value controls the lower bound of the isostatic coordination number1

for frictional packings, therefore its increase forces the medium from a
marginally (shear-) jammed to unjammed state (Shundyak et al., 2007;
Song et al., 2008; Bi et al., 2011). This also hints that the controlling

1The SCR is used as a proxy of the minimum coordination number achieved by
a frictional granular packing when it is in a marginally-jammed configuration, which
is the typical case of a sheared granular layer that follows a stick-slip dynamics and
during the stick phase. For frictional particles, the tangential forces introduce (dn −
1) additional force components at each contact, where dn is the dimension number
(dn = 3 for 3D). For a packing to be stable/jammed, the Ndn(dn + 1)/2 rotational
and translational degrees of freedom need to be constrained by the Nzdn/2 − Nnm

independent force components, where z is the coordination number (average number
of contacts per particle), N is the number of (non-rattler, force bearing) particles and
nm is the fraction of contacts at the Coulomb threshold (directly controlled by the
slipping contact ratio, SCR) per particle. Therefore, the minimum number of contacts
per particle required for a stable (jammed) packing, is called the isostatic coordination
number, zm, and can be calculated as z ≥ (d + 1) + 2nm/d ≡ zm (Shundyak et al.,
2007). This equation shows that as the number of fully mobilized frictional contacts,
in other words the slipping contact ratio (SCR), increase the isostatic coordination
number increases too. Therefore, in our marginally (shear-)jammed granular layer, an
increase of SCR beyond a critical value (defined by the isostatic coordination number)
will force the medium toward an unjamming transition.
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parameters of minimum and critical slipping ratio values (grain-scale
friction, particle packing, particle size distribution, shearing velocity and
confining pressure) are among the parameters which influence the duration
and intensity of microslips occurrence.
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Figure 4.1: (a) Friction coefficient time series of a stick-slip event. (b) Total
kinetic energy, Ktot, time series. (c) Thickness of the granular layer. (d) Slipping
contact ratio, SCR, time series (e) Slip event rate time series. The vertical
dashed lines in different panels show onset of the large event at t ≈ 263[t0]. The
inset show the time series for the time interval [257.5; 262.9]t0.

We observe that the large slip event coincides with a noticeable increase
in the slip event rate.

So far, we have presented one characteristic large event in our model,

81



CHAPTER 4. SPONTANEOUS STICK-SLIP DYNAMICS

its properties and the event activity that takes place before and after
its occurrence. We next investigate the microslip activity that precedes
large slip events with different slip event size. The size of a slip event is
measured in terms of its total energy release, E. In order to compare slip
events with different time scales, we use a normalized time (to failure) as
described in Fig. 4.2-a, where tnorm = −1 corresponds to the beginning
of the stick-phase of a specific slip event, and tnorm = 0 corresponds
to when the slip/failure happens. Figure 4.2-b shows the probability of
microslips occurrence during the stick-phase of slip events with different
event size ranges. The plot summarizes the results for a total of 44000 slip
events taking place during a long simulation interval, H = [200; 8000]t0.
The probability is calculated at a given normalized time instant, by
considering the corresponding 44000 simulation segments, counting how
many times a microslip occurs in that segment and dividing the result by
44000. Fig. 4.2-b indicates that microslips occur randomly during the
stick-phase. However, their occurrence accelerates exponentially close
to the event onset (−0.02 < tnormalized < 0.0) for events with size
E > 1.0 × 10−6M0 · L0

2 · t0−2. The nonlinear acceleration of microslips
occurrence exists less significantly for events with 1.0 × 10−7 < E <
1.0 × 10−6M0 · L0

2 · t0−2 and it disappears for smaller events. We
therefore call those events with E > Ethresh = 1.0 × 10−6M0 ·L0

2 · t0−2
as “large” events. The events occurring at t1 ≈ 263[t0], t2 ≈ 265.2[t0],
and t3 ≈ 274.5[t0] shown with black markers in Fig. 4.1-a are examples of
large events in our model.

82



4.1. PRECURSORY ACTIVITY AND MICROSLIPS

tini tfin

-1 0

F
ric

tio
n4

co
ef

fic
ie

nt

<a9

Normalized time

−0.14 −0.12 −0.1 −0.08 −0.06 −0.04 −0.02 0
0

0.001

0.002

0.003

0.004
E4>41.10−6

1.10−7 <4E4<41.10−6

1.10−8 <4E4<41.10−7

1.10−9 <4E4<41.10−8

<b9

ex
po

ne
nt

ia
l4f

it

t,4time

<t-tfin9/<tfin-tini9
Normalized4time

P
ro

b
ab

ili
ty

4o
f4m

ic
ro

sl
ip

4
oc

cu
rr

en
ce

Figure 4.2: (a) A schematic stick-slip event with normalized time scale. (b)
Probability of microslip occurrence for a range of events sizes as noted.

Figure 4.3 shows the complementary Cumulative Distribution Func-
tion (cCDF) of the energy release, E, for a total of 898 large slip
events during the interval H. The cCDF is defined as P (E ≥ E0) =
1 − P (E ≤ E0) = 1 − CDF . The distribution follows a power law
(for E > 1.0 × 10−6), cCDF (E) ∝ E−β with β ' 1.23. The β value
complies with observationally found values for earthquakes (Kanamori
and Anderson, 1975; Kagan, 1991; Godano and Pingue, 2001). The
observed scaling is also in agreement with the avalanche experiments of
micro and nano-sized crystals (Friedman et al., 2012; Papanikolaou et al.,
2012). We choose to further explore the precursory behavior for these
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”large” events. The 3D model of unperturbed stick-slip produces a broad
phenomenology of slip events, whose classification needs to be based upon
certain criteria. Two possible categories are ”large events” and ”microslips
as precursors”. How to define an event large is based upon the observation
of the exponential-like acceleration of the microslip occurrence. This
choice is not completely arbitrary. Indeed, it leads to a classification
of (large) slip events whose size statistics follows a Gutenberg-Richter like
behavior, a universal behavior observed at a manifold of spatial scales for
self-organized critical phenomena, from worldwide earthquakes to plastic
deformations in polycrystalline materials. Microslips and their occurrence
are not used here just for distinguishing between slip event types. The
study of their statistics is relevant by itself since it provides a clear picture
of important features of the stick-slip dynamics in our model.
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Figure 4.3: Distribution (cCDF) of large slip event energy size for a long
simulation interval, H = [200; 8000]t0. The blue dashed line is a power law best
fit to the obtained cCDF. The coefficient of determinations (R2) of the fit is
∼ 0.97.

Having confirmed the exponential acceleration of microslips occurrence
before large slip events, we perform a sliding window cross-correlation
analysis for the time series of the event energy release E(t) and slip event
rate, SER(t). This is to statistically evaluate whether or not the increase
in SER can be used as a further indicator (precursor) for the occurrence
of a large slip event. The cross-correlation analysis is performed for the
time period, H = [200; 8000] t0. First the E(t) and SER(t) signals are
smoothed with a running average of width 0.15 [t0]. The cross-correlation
analysis is done using a sliding window size of 2.5 [t0] and overlap width
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CHAPTER 4. SPONTANEOUS STICK-SLIP DYNAMICS

of 1.5 [t0]. The sliding windows size is several times the average time
duration of the slip events. After having determined the cross-correlation
coefficient ρ(t) as a function of time, we determine for each large slip
event the maximum cross-correlation coefficient, ρmax, and the time lag
between the instant when the cross-correlation is maximal and the onset
of the large slip event, τmax. Here, we analyze as an example, the cross-
correlation in a shorter time period I = [2000; 3000] t0. We show the
friction coefficient, µ (Fig. 4.4-a), the slip event rate (SER) (Fig. 4.4-b),
and event energy release, E (Fig. 4.4-c) signals. Only slip events with E >
3.0 × 10−6M0 ·L0

2 · t0−2 are considered and cross-correlated with the slip
rate in this example. The maximum cross-correlation coefficient, ρmax and
time lag, τmax are given in Fig. 4.4-d. The results show a cross-correlation
coefficient of ρmax > 0.9 for most of the marked events, indicating a
strong cross-correlation between the energy release, E and SER. For
a majority of these large events, negative time lag values are observed,
meaning that the slip event rate increases before the onset of the large
slip event. The CDFs of ρmax and τmax considering all large slip events
(E > Ethresh) are plotted in figures 4.5-a and 4.5-b, respectively. The
average maximal cross-correlation coefficient is 0.8187 and the average
time lag is −0.0525[t0]. More than 85% of large slip events have a cross-
correlation coefficient higher than 0.75. About 75% of large slip events
have negative time lags. The remaining 25% of large slip events have
zero time lags. The zero time-lags are mainly due to those events whose
afterslip activity masks the precursory microslips. It is also partially due
to the resolution of the cross-correlation analysis and the running average
used for smoothing the SER and the energy release time series.
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Figure 4.5: (a) Distribution of maximum values of cross-correlation coefficient
for the time series of E(t) and SER(t). (b) Distribution of corresponding time
lag values for the maximum values of cross-correlation coefficients (see text for
explanation). The vertical arrows point to the average values of the cross-
correlation coefficient and time lag.

We showed that microslip emergence is linked to an increase in the
slipping contact ratio and is thus controlled by the slipping and locking
of the grains. However, as the confining pressure of the granular layer
increases, the overlap between particles increases as well and the granular
packing will become more resistant to local slipping of particles. The
influence of the confining pressure on the microslips occurrence is shown
in Fig. 4.6. The figure presents microslips occurrence for large events
in sheared systems with confining pressures of 40, 100 and 400 MPas.
We observe that systems with higher confining pressures shows the same
features of precursory activity and microslips occurrence acceleration prior
to large events as observed for the system with confining pressure of
40 MPa. However, as the confining pressure increases, the microslips
occurrence becomes more localized but also intense toward the event
onset. The same trends of behavior are observed in experiments of
sheared granular layers (Johnson et al., 2013b). The study by Johnson
et al. (2013b) shows that acoustic emissions from the granular layer
(measured using an accelerometer connected to the experimental setup)
and microslips occurrence accelerate more by increasing the confining
pressure and they becomes more localized toward the slip event onset.
The fact that the microslips occurrence become more localized toward the
event onset is expected since at higher confining pressure, the granular
medium is densely packed (in simulation, overlap between particles
increases by increase in confining pressure) and instabilities and slippings
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of contacts take place later in time.

−0.5 −0.4 −0.3 −0.2 −0.1
−50

0

50

100

150

200

Time to failure [t
0
]

O
cc

ur
re

nc
e

40 MPa
100 MPa
400 MPa

Figure 4.6: Occurrence of microslips for events larger than E > 5.0 × 10−7M0 ·
L0

2 ·t0−2 in sheared systems under confining pressures of 40, 100 and 400 MPas.

The observation of microslips in our numerical simulation is in
agreement with laboratory and theoretical studies which suggest that
earthquakes are preceded by a nucleation process where quasi-static creep
develops into dynamically driven motion within a confined zone on a
fault (Dieterich, 1978; Marone, 1998a; Kawamura et al., 2012). The
acceleration of microslips occurrence is also observed in experimental
setups of sheared granular layers (Johnson et al., 2013b; Nasuno et al.,
1997). Precursory activities in the form of creep deformation and
aseismic slips have also been reported for large (inter-plate) earthquakes
worldwide (Ellsworth and Beroza, 1995; Peng and Gomberg, 2010;
Bouchon et al., 2013). The most recent and profound example is the
evidence of small repeating earthquakes that led to the 2011 moment
magnitude Mw 9.0 Tohoku-Oki, Japan, earthquake, leading to the
tsunami that caused major destruction (Kato et al., 2012; Bouchon
et al., 2011). There also exist evidences of similarities between microslip
phenomena and slow slip events (Episodic Tremor and Slip, ETS) observed
on the deeper interface of the northern Cascadia subduction zone (Rogers
and Dragert, 2003). ETS events are several orders of magnitude smaller
than regular earthquakes in terms of stress drop and energy release (Vidale
and Houston, 2012). In addition, a majority of ETS events occur
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in the dilatational quadrants of the strain field on both sides of the
tectonic plate interface (Kao et al., 2006). In the biaxial experimental
setup at the Pennsylvania State University (shown in Chapter 2, section
2.4), precursors take place where the material is in a critical state and
is modestly dilating, yet while the macroscopic frictional strength is
no longer increasing (Johnson et al., 2013b). Similarly in our DEM
model, microslips energy release are orders of magnitude smaller than
large slips and they occur during dilatant strengthening of the granular
gouge layer. The unperturbed simulations lead to a phenomenology that
qualitatively and, partly, quantitatively has counterparts in laboratory
scale experiments with sheared granular media in stick-slip regime and in
the seismologic phenomenology observed worldwide.

4.2 Shear elastic modulus measurements

In order to better understand the evolution of the mechanical properties
of the sheared granular layer associated with the precursory activity prior
to large slip events, we further investigated the temporal evolution of the
macroscopic shear modulus of the granular gouge layer during stick-slip
cycles. Since in our model, the internal structure of the granular layer is
formed under continuous shearing, the shear modulus measurements can
offer useful information on the change of the granular structure. For the
shear modulus measurements, a shear strain cycle is applied to the system.
The shearing of the granular layer is stopped and the system is given 10000
time steps to relax from the shearing influences before performing the
shear modulus measurements. We investigated the influence of different
cyclic shear strain amplitudes for the modulus measurements. Figure 4.7
shows the shear stress-shear strain curves for different values of maximum
shear strain. These results indicate that for one cycle of applied shear
strain of up to γmax ≈ 8.6 × 10−6, the shear modulus measurements are
almost similar. However, by further increasing the applied shear strain,
the nonlinear behavior and residual stresses in the applied loading cycle
will become more significant. This indicates that the shear strain values
of γmax ≥ 1 × 10−5 would result in considerable contacts rearrangement
in the granular gouge layer. We therefore performed the shear modulus
measurements with a load cycle of γmax ≈ 8.6 × 10−6. A similar
loading convention for modulus measurements has been suggested before
by Nguyen et al. (2011). The loading-unloading protocol is shown by
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arrows in figure 4.7-b. The shear modulus is calculated by fitting a line
to initial unloading part of the stress-strain curve.
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Figure 4.7: Shear modulus measurements for different applied shear strains for
the measurements.

The shear modulus measurements were carried out for three stick-slip
cycles. Since stick-slip events in our systems have various time scales,
we used a normalized time unit similar to what has been used in the
previous section. The normalized time unit is explained again in figure 4.8-
a. Figure 4.8-b shows the shear modulus measurements. As can be seen in
that figure, the shear modulus gradually decreases during the stick phase.
The decrease in shear modulus further accelerates as we approach the slip
onset. The decrease of the shear modulus is coincident with an increase
in the slipping contact ratio (SCR) in the granular gouge layer as it was
explained in detail in Fig. 4.1-d. It is notable that the obtained values
for the shear modulus of our DEM model are in the range measured for
granular fault gouge materials in laboratory scale experiments (Knuth
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et al., 2013).
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Figure 4.8: (a) A schematic stick-slip event with normalized time scale. (b)
Shear modulus measurement results for three stick-slip events using shear strain
of γ = 8.6 × 10−6. The error bars indicate the standard deviation of the
measurements for the three different stick-slip cycles. The shear modulus is
calculated by fitting a line to the stress-strain curve for each measurement.

The decrease in the shear modulus values are in agreement with
the decrease in the P-wave speed within the active shear zone before
stick-slip events reported by Kaproth and Marone (2013). These results
indeed support the suggestion of Kaproth and Marone (2013) that if
similar mechanisms operate in nature, higher-resolution studies of elastic
properties in tectonic fault zones may aid in the search for reliable
earthquake precursors.
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4.3 Elastic wave velocity measurements

Figure 4.9: Schematic view of the configuration for elastic wave velocity
measurements.

We additionally investigated the elastic wave velocity within the granular
gouge layer as an indirect measure of its dynamic-elastic properties. These
investigation can provide further confirmation of the results obtained for
the modulus measurements. Figure 4.9 shows the configuration for this
purpose. A sinusoidal cyclic loading with the frequency of 1000 Hz and
duration of 15 cycles is applied to the lower boundary (substrate block) of
the granular layer as the input signal. Four particles in the middle of the
granular gouge layer (shown as particles (1) to (4) in Fig. 4.9) are used
as observers: their velocity signals are recorded during the measurements.
We then use the Fourier transform to find the components of the velocity
signals for the observer particles at fpert = 1000 Hz.
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Figure 4.10: The vibration signal received at particles (1), (2), (3) and (4) in
the granular gouge layer as they are sketched in Fig. 4.9.

Figure 4.10 shows the modulus of the Fourier transform of the
Y-component of the particle velocity vector (|Y (f)|) for a range of
frequencies and for the four observer particles. The maximum amplitude
of the input signal is Apert = 6× 10−6L0. As can be seen in Fig. 4.10-a,
the major component of the velocity signal at particle (1) is happening
at fpert = 1000 Hz. The emergence of integer harmonics at frequencies of
2fpert, 3fpert, 4fpert, i.e., 2000, 3000 and 4000 Hz can also be observed.
The harmonics become more significant as we go more inside the granular
gouge layer at particles (2), (3) and (4). The generation of harmonics
during the propagation of elastic waves excited by a boundary excitation
in the form of a burst with a central frequency is a typical example
of nonlinear elastic response. Unconsolidated as well as consolidated
granular materials are known to exhibit nonlinear elastic responses. In
unconsolidated granular materials, the origin of the nonlinear response
is typically attributed to features of the contact mechanics. It is
still debated whether nonlinear contact mechanics models of particle-to-
particle interaction, e.g., Hertzian contact models, are strictly necessary
to fully describe the nonlinear elastic response. Our results here show the
existence of harmonics, despite of using a linear contact law for particle
interaction.

Using the inverse Fourier transform, we can obtain the vibration signals
that are received at each observer particle and eventually calculate the
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elastic wave velocity inside the granular layer. To confirm whether the
elastic wave propagation measurements also show a decrease in wave
velocity, thus mirroring the observed modulus decrease, we performed
wave velocity measurements once at a point during the stick-phase, and
another time toward the end of the stick phase. These measurements can
provide us information about the wave propagation at different states of
the granular gouge layer in the stick-slip regime. For these measurements,
similarly to the shear modulus measurements, the shearing of the granular
layer is stopped and the granular layer is given 10000 time steps to relax
from the shearing influences before performing the wave velocity tests. A
sinusoidal cyclic loading with the frequency of 1000 Hz and duration of 15
cycles is applied to the lower boundary (substrate block) of the granular
layer as the input signal. The maximum amplitude of the input signal is
Apert = 2× 10−6L0 for these measurements.
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Figure 4.11: (a) Friction coefficient signal and sound velocity measurement
interval IA. (b) vibration signal received by particle (1) (c) vibration signal
received by particle (4). The shaded areas show the input vibration interval
that is applied to the substrate block.

Figure 4.11-a shows where the first measurement has been done, almost
in the middle of the stick phase. The vibration signal received at particles
(1) and (4) are plotted in panels (b) and (c) of Fig. 4.11. The distance
between particles (1) and (4) is ∆y ≈ 5.5 [L0], whereas the time difference
between receiving the signal at the two particles is ∆t ≈ 0.004 [t0]. The
wave velocity is then approximately v ≈ 0.2 [m/s]. The deformation of
the wave shape and separation of some of its packets are due to dispersion,
reflection from the boundaries and refraction (Tichler et al., 2013).
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Figure 4.12: (a) Friction coefficient signal and sound velocity measurement
interval IB . (b) vibration signal received by particle (1); (c) vibration signal
received by particle (4). The shaded area in each figure shows the input
vibration interval that is applied to the substrate block.

A similar measurement is carried out close to the slip event onset as
illustrated in figure 4.12-a. Comparing the receiving time for particles
(1) and (4), a wave velocity of v ≈ 0.1 [m/s] is obtained. The
decrease of wave velocity with approaching the slip event onset is in
agreement with the time of flight measurements and the decrease in
P-wave speed before stick-slip events reported by Kaproth and Marone
(2013). Performing wave velocity measurements for a certain time period
after the slip event is not feasible because of the fact that the slip
event itself creates propagating disturbances (waves) that interferes with
any other propagating disturbance coming from the boundaries. The
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wave propagated from a slip event has a continuous and wide range of
frequencies.

4.4 Energy budget of a stick-slip cycle

During an earthquake, the potential energy, mainly consisting of elastic
strain energy and gravitational energy stored in the earth, is released
as radiated energy, fracture energy and thermal energy (Kanamori and
Rivera, 2006). In earthquake physics, the elastic, radiated energy
is generally considered to account for 6% of the total work during
slip (McGarr, 1999), whereas dissipated energy is thought to account
for 95% of the total work (Lockner and Okubo, 1983; Lachenbruch and
Sass, 1980). Dissipated energy includes both frictional heat and fracture
energy, which can include work done by chemical processes, compaction
and grain rolling, in addition to the energy consumed making new surface
area through rock fracture and grain breakage. In granular fault gouges, as
an analogue system of earthquake faults, potential energy that is stored
during the stick phase is released during slip events as kinetic energy
(resembling and representing radiated energy) and frictional dissipation,
in the absence of grain fragmentation and fracture.

In our DEM model, slip events are accompanied by release of kinetic
energy (as a result of sudden unjamming and movement of particles).
The dissipation in the system is mainly due to frictional interaction
between particles and contact loss, even though some part of the potential
energy will also be dissipated through viscous damping that has been
implemented in the code. The total dissipated energy time series,
Ediss.(t), can therefore be written as equation 4.1,

Ediss.(t) = Ef−diss.(t) + Ev−diss.(t) (4.1)

where Ef−diss.(t) is the energy loss due to frictional dissipation and
Ev−diss.(t) is the energy loss due to viscous dissipation. The energy loss
due to frictional dissipation can be calculated using equation 4.2,

Ef−diss.(t) =

c∑
i=1

f itd
i
t (4.2)
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where the summation is over all contacts, c. In Eq. 4.2, f it and dit
are tangential elastic contact force and tangential relative displacement
at contact i.

The energy partitions for 11 example stick-slip events are presented
in figures 4.13, 4.14, 4.15 and 4.16. The percentages of potential energy
that go into each partitions are also mentioned on top of the first panel
for each stick-slip event in these figures. In our model and under current
configuration and parameter settings, on average ∼ 86% of the potential
energy is transformed into frictional dissipation, about ∼ 5.5% of the
potential energy is released as kinetic energy, and the remaining ∼ 8.5%
of the potential energy is transformed into other forms of dissipation
including dissipation due to the viscous damping scheme used in the
code. Fulton and Rathbun (2011) examined the energy partitioning
in experiments in a servo-controlled, double-direct shear apparatus of
granular layers in a range of confining pressures common in fault gouges.
They have observed that ∼ 90% of the total energy go to frictional heat
generation, ∼ 1% to generating new surface area, and ∼ 4% is associated
with the stress drop, which may include energy that contributes to grain
breakage in addition to elastic radiation (Fulton and Rathbun, 2011).

98



4.4. ENERGY BUDGET OF A STICK-SLIP CYCLE

216.5 217 217.5 218
43120000

43121000

43122000

216.5 217 217.5 218

0.27

0.28

0.29

0.3

216.5 217 217.5 218
5800

6000

6200

216.5 217 217.5 218
0

20

40

60

216.5 217 217.5 218
0

1000

2000

235.2 235.4 235.6 235.8
43122500

43123000

43123500

235.2 235.4 235.6 235.8
0.27

0.28

0.29

0.3

235.2 235.4 235.6 235.8
5400

5500

5600

5700

235.2 235.4 235.6 235.8
0

20

40

235.2 235.4 235.6 235.8
0

500

1000

248.2 248.3 248.4 248.5 248.6
43121500

43122000

43122500

248.2 248.3 248.4 248.5 248.6
0.2

0.25

248 248.2 248.4 248.6
5000

5100

5200

248.2 248.3 248.4 248.5 248.6
0

100

200

248.2 248.3 248.4 248.5 248.6
0

500

1000

Time)[t0]

F
ric

tio
n

)c
oe

ff.

P
ot

en
tia

l)e
ne

rg
y)

of
)

bo
nd

ed
)p

ar
tic

le
s

P
ot

en
tia

l)e
ne

rg
y)

of
))

gr
an

u
la

r)
go

u
ge

)la
ye

r
K

in
et

ic
)e

n
er

gy

Time)[t0] Time)[t0]

F
ric

tio
n

al
)

di
ss

ip
at

io
n

Event)415 Event)425 Event)435

dissipation)=)91%
kinetic)energy)=)2.7%

dissipation)=)94.5%
kinetic)energy)=)3.4%

dissipation)=)70%
kinetic)energy)=)17.2%

41-a5

41-b5

41-c5

41-d5

41-e5

42-a5

42-b5

42-c5

42-d5

42-e5

43-a5

43-b5

43-c5

43-d5

43-e5

Figure 4.13: (a) Friction coefficient time series; (b) time series of the potential
energy stored in the boundary (substrate and driving) blocks), (c) time series of
potential energy stored in the granular gouge layer, (d) time series of the kinetic
energy released from the granular gouge layer, and (e) frictional dissipation
(heat) released from the granular gouge layer for example events (1), (2) and
(3).
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Figure 4.14: (a) Friction coefficient time series; (b) time series of the potential
energy stored in the boundary (substrate and driving) blocks), (c) time series of
potential energy stored in the granular gouge layer, (d) time series of the kinetic
energy released from the granular gouge layer, and (e) frictional dissipation
(heat) released from the granular gouge layer for example events (4), (5) and
(6).
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Figure 4.15: (a) Friction coefficient time series; (b) time series of the potential
energy stored in the boundary (substrate and driving) blocks), (c) time series of
potential energy stored in the granular gouge layer, (d) time series of the kinetic
energy released from the granular gouge layer, and (e) frictional dissipation
(heat) released from the granular gouge layer for example events (7), (8) and
(9).
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Figure 4.16: (a) Friction coefficient time series; (b) time series of the potential
energy stored in the boundary (substrate and driving) blocks), (c) time series of
potential energy stored in the granular gouge layer, (d) time series of the kinetic
energy released from the granular gouge layer, and (e) frictional dissipation
(heat) released from the granular gouge layer for example events (10) and (11).

4.5 Conclusions

We have presented results of 3D DEM modeling of a sheared granular
gouge layer in the stick-slip regime. We show that there is precursory
activity due to the occurrence of small slip events, called microslips, that
precede the onset of large slip events. Microslips occurrence accelerates
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exponentially shortly before the onset of large slip events. The slip event
rate (SER) is proposed in this work as a reliable indicator of an upcoming
slip since it shows significant increase when approaching a large slip event.
The onset and duration of microslips emergence are controlled by the
slipping contact ratio in the granular layer which connects the precursory
microslips to the jamming-unjamming transition of the granular layer.
The precursory activity becomes less important and less significant for
smaller event size. Statistical analysis of SER and slip event energy
release further confirms the occurrence of precursory activity of microslips
before large slip events. SER might be a better measure in this sense since
we do not distinguish between different event size in forming its time
series. The period of weakening and precursory activity prior to large slip
events coincide with a decrease in shear modulus of the granular gouge
layer, in addition to a significant decrease in wave velocity in the medium.
The results of this study allow us to advance our understanding of the
earthquake initiation on mature faults and to develop analysis methods
to be used in seismology for improving probabilistic hazard assessment.

We also investigated in this chapter the energy budget of reference
stick-slip cycles. In our model and on average ∼ 86% of the potential
energy is transformed into frictional dissipation, about ∼ 5.5% of the
potential energy is released as kinetic energy, and the remaining ∼ 8.5%
of the potential energy is transformed into other forms of dissipation
including dissipation due to viscous damping. These results are in
agreement with measurements in experiments of sheared granular layers.
They also support the general field scale observations about earthquake
and their energy partitioning.

The analysis of the microslips, e.g., by investigating the development
of affine and non-affine deformations in the granular gouge layer during
microslips (Griffa et al. (2011)) may allow us to further characterize how
microslips signal the approaching of a large slip event. It is suggested that
pore pressure can be a competing mechanism with dilation for further
occurrence of either slow or fast slip in the course of episodic tremor and
slip (ETS) activities (Segall et al., 2010). Development of a fluid coupled-
DEM model can provide insight on the pore pressure evolution during
microslips.
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Chapter 5

Dynamic slip triggering using a
single perturbation

The influences of triggering on the stick-slip behavior when only one
vibration interval is applied during the stick phase is discussed in
this chapter. The investigation includes applying a range of vibration
amplitudes, with the vibration direction being orthogonal to the lower
boundary of the granular layer. The simulations in the absence of
vibration are called “reference” runs, while the simulations with vibration
are called “perturbed” runs. Depending on the vibration amplitude and
the internal structure of the granular layer, we observe three phenomena:
(1) frictional weakening during the vibration interval, (2) clock advance
of the large slip event and (3) long term influences on the stick-slip
dynamics. These phenomena are shown in an example perturbed run
in figure 5.1. Frictional weakening events become apparent if we use
a vibration amplitude larger than a certain threshold. With frictional
weakening here we mean a drop in friction coefficient within the vibration
interval. However, even the tiniest vibration amplitudes, not causing a
frictional weakening during their applications, will change the stick-slip
dynamics of the system in the long term. Clock advance of the large
expected slip event occurs if we use again a vibration amplitude larger
than a certain threshold. The threshold for clock advance and frictional
weakening events are not necessarily the same. We analyze in detail in
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this chapter the frictional weakening phenomenon that takes place within
the vibration interval. The roles of two main parameters on frictional
weakening are reported in this chapter. One parameter is the shear stress
level during the stick phase at which vibration is applied. The second
parameter is the vibration amplitude. We then report an analysis about
the evolution of the structure of the granular layer accompanying the
clock advance of the large slip events. This investigation includes the
analysis of the variations in the slipping contact ratio (SCR), in the
shear elastic modulus and in the elastic wave velocity as a consequence
of the application of sufficiently large vibration amplitude producing a
clock advance. Finally, the long term influences of triggering after a clock
advance are explored and discussed.

Figure 5.1: Examples of triggering effects on the stick-slip dynamics in our DEM
model. (1) frictional weakening during the vibration interval, (2) clock advance
of the large expected slip event and (3) long term effects.

5.1 Implementation of vibration

The external vibration is applied in the perturbed simulations as an
additional boundary condition. It consists in imposing a displacement in
the Y direction for the bottom particles of the substrate. The temporal
displacement of this boundary displacement is modeled as
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5.1. IMPLEMENTATION OF VIBRATION

uY (t) = A ·∆t ·
[
∂f
∂t (t, t′, Tν , τ) · cos

(
ω(t− t′)− π

2

)
−

−ω · f (t, t′, Tν , τ) · sin
(
ω(t− t′)− π

2

)]
(5.1)

where

f (t, t′, Tν , τ) ≡ 1

2
·
[
tanh

(
t− t′

τ

)
− tanh

(
t− (t′ + Tν)

τ

)]
. (5.2)

In Eqs. 5.1 and 5.2, t = m · ∆t, ∀ m = 0, 1, ..., is discretized time
and ∆t is the simulation time step. Eq. 5.1 represents a sinusoid with
angular frequency ω = 2π · f0, with f0 = 1 kHz, whose amplitude is
modulated in time by a waveform with a Gaussian-like shape, given by
Eq. 5.2. In Eq. 5.1, t′ represents a phase shift term for centering the
temporal window of the vibration at different times during the stick-slip
dynamics. τ = 0.01 and Tν = 0.02, in Eq. 5.2, play respectively the role of
a rising/decaying time constant and width for the displacement waveform.
In Eq. 5.1, A is the the vibration peak amplitude value. Figure 5.2 shows
an example of the displacement waveform applied within the time interval
[165.75; 165.85].
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Figure 5.2: Example of the displacement imposed to the bottom layer of the
substrate in the Y direction, uy, as an AC vibration source at the boundary
of the system. It represents a harmonic oscillation at frequency f0 = 1 kHz
with amplitude modulation given by a Gaussian-like signal. The peak to peak
amplitude of this AC displacement uy,PP = 4.0×10−5L0 is quite small compared
to the largest particle size within the medium.
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5.2 Frictional weakening

Frictional weakening is the response of the sheared granular layer during
the vibration interval to the imposed boundary vibration. Its main feature
is a slow decrease/drop in the friction coefficient and shear stress of the
granular layer as well as an increase in the kinetic energy due to the
particles mobilization. They may be similar in their slow process to the
slow slip events observed both in the earth scale and in the experiments of
sheared fault gouges (Johnson et al., 2012). Characterizing the frictional
weakening phenomenon is essential for understanding the first impact of
the vibration and the corresponding immediate response of the sheared
granular layer.

For studying the frictional weakening phenomenon, we performed
simulations at two confining pressures of σn = 4 MPa and 40 MPa.
The confining pressure of σn = 4 MPa results in steady sliding of the
sheared granular layer, while the confining pressure of σn = 40 MPa
shows stick-slip dynamics. Both of the confining pressures are in the range
observed on geological fault settings as well as in experimental setups
(a few to a few hundreds MPas). For each confining pressure, several
separate (i.e. once for each perturbed run) vibrations at different shear
stress levels are applied. Different vibration amplitudes ranging from
{1, 5, 10, 20, 30, 40, 50, 60, 70, 80, 90, 100, 200, 300, 400} × 10−7L0 are used
at each vibration interval for the two confining pressures. The response
of the granular layer, in the form of frictional weakening during boundary
vibration, is analyzed in detail in this section.

Figure 5.3 shows the friction coefficient and kinetic energy signals for
the granular layer confined at σn = 4 MPa. The friction coefficient signal
varies between 0.2 and 0.3 and shows some fluctuations corresponding to
small instabilities in the layer. The energy release of these fluctuations is
a fraction of the background (ambient) energy. We study this behavior
to characterize the steady-sliding regime. The vibrations (6 intervals) are
applied once at a time at different shear stress levels and are shown as
vertical dashed lines in this figure.

Similarly, the friction coefficient and kinetic energy signals for the
granular layer at σn = 40 MPa are plotted in figure 5.4. The friction
coefficient signal varies between 0.1 to 0.3 and shows clear evidence of a
stick-slip regime characterized by a series of long-lasting increases followed
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5.2. FRICTIONAL WEAKENING

by sudden, fast drops. The kinetic energy jumps during slip events are 2-3
orders of magnitude larger than the background (ambient) energy level.
Therefore, the behavior at confining pressure of σn = 40 MPa corresponds
to regular stick-slip dynamics of the granular layer. The vibrations (14
intervals) are applied once at a time at different shear stress levels and
are shown as vertical dashed lines in the figure.
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Figure 5.3: Friction coefficient (top panel) and kinetic energy (bottom panel)
signals for the reference run at σn = 4 MPa. Vibration intervals are illustrated
with vertical dashed lines.
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Figure 5.4: Friction coefficient (top panel) and kinetic energy (bottom panel)
signals for the reference run at σn = 40 MPa. Vibration intervals are illustrated
with vertical dashed lines.

Figure 5.5-a shows an example of the friction coefficient time-series,
µ, for the reference (black line) and the perturbed runs with a range of
vibration amplitudes for σn = 40 MPa. The reference run time-window
shows the stick-phase of a large slip event happening at t = 248.7t0. The
vibration interval is illustrated with vertical dashed lines in the figure.
This interval is also shown with a red marker in figure 5.4. Large enough
vibration amplitudes induce a reduction of the friction coefficient during
the vibration interval. The reduction becomes more significant at larger
vibration amplitudes. In addition, vibration amplitudes A ≥ 6× 10−6L0

induce a noticeable clock-advance of the upcoming large slip event in
the perturbed runs compared to the reference run, while amplitudes of
A < 6×10−6L0 do not change the time of large slip event. A more rigorous
study of this clock advance is presented in the next section. The focus
of this section is on studying the small decrease in the friction coefficient
during the vibration interval itself, a phenomenon that we term “frictional
weakening event”.
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The kinetic energy signal for the reference and perturbed runs are
shown in Fig. 5.5-b (for vibration amplitudes, A < 6 × 10−6L0) and
Fig. 5.5-c (for A ≥ 6 × 10−6L0). The vibration interval is illustrated
with vertical dashed lines and a shadowed area. The kinetic energy signal
attains a background value during the stick-phase due to the constant
shearing of the dense granular layer. During a large slip event, the
kinetic energy abruptly increases compared to the background level. This
corresponds to a transfer of energy from the elastic potential energy
to the kinetic one. In the perturbed runs and during the vibration
interval, the kinetic energy slightly and slowly increases. These small
and slow increases correspond to frictional weakening events induced by
the boundary vibration. A zoom (of the vibration interval) is given in
the inset of the kinetic energy signal in Fig. 5.5-b. Vibration amplitudes
A ≤ 1 × 10−6L0 produce only small fluctuations in the kinetic energy
signal, therefore we take A = 1× 10−6L0 to be the threshold for inducing
frictional weakening.

A more in depth characterization of the frictional weakening events
can be achieved by granular dynamics analysis. Figure 5.6-c shows
the Slipping Contact Ratio (SCR) as defined in chapter 4 section 4.1,
calculated for the granular gouge layer, both for the reference and the
perturbed runs, in the latter case for different vibration amplitudes.
Panels (a) and (b) of figure 5.6 show the friction coefficient and kinetic
energy time series during the vibration interval. Slipping contacts are
those contacts that reach the grain-scale dynamic friction condition,
µ = µpd, while sticking contacts are those that are still in the grain-scale
static friction condition, µ < µps. The time span of figure 5.6 corresponds
to the vibration interval. Evolution of the SCR starts immediately
upon the vibration application, therefore it starts even with quite small
boundary perturbations. Additionally, the increase of the SCR starts
earlier (within the rising time of the vibration signal) than the kinetic
energy signal. The time-lag between these two (the increase of SCR and
evidence of frictional weakening in the kinetic energy signal) is due to
the fact that an increase of SCR larger than a certain limit is essential
for the mobilization of grains and the release of measurable energy. The
SCR achieves a maximum at about the peak of the vibration displacement
signal.

A profound increase in the SCR is observed for large vibration
amplitudes, A ≥ 6 × 10−6L0, while there is no significant change of
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the SCR for A ≤ 1 × 10−6L0. This fact indicates that vibration
amplitudes larger than a threshold cause an irreversible change in the
contact networks, in the form of a significant amount of grain contact
rearrangement. The result of this irreversible evolution is the frictional
weakening of the layer. After the peak value, the decreasing trend for
the SCR continues until the end of the vibration interval. Except for
A ≤ 1×10−6L0, the SCR, at the end of vibration interval, goes below its
initial value before vibration application. This fact is due to the decrease
of the friction coefficient, itself induced by the evolution of the granular
contact network. The boundary vibration influence appears to be longer-
lived in the contacts network than in the kinetic energy signal.

In the next two sections, we present results about the vibration
amplitude and the shear stress level achieved when vibration is applied
on the size of the frictional weakening events. The drop in the friction
coefficient is used as a measure of the event size. We use the total released
energy as a measure of the event size.
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Figure 5.5: Macroscopic signatures of the effect of increasing vibration
amplitudes: time series of (a) friction coefficient, (b) total kinetic energy (for
small vibration amplitudes, A < 6 × 10−6L0), and (c) total kinetic energy (for
larger vibration amplitudes, A ≥ 6×10−6L0). The vibration interval is indicated
by vertical dashed lines and shadowed area in all panels. This interval is also
shown with a red marker in figure 5.4.
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Figure 5.6: (a) Friction coefficient time series, (b) kinetic energy time series, (c)
slipping contact ratio (SCR) for the reference and perturbed runs. The arrow
indicates the increase of the vibration amplitude. The color-map is the same
as is used in Fig. 5.5 and the black line corresponds to the reference run. The
time-span in the figure corresponds to the vibration interval.

5.2.1 Effect of vibration amplitude

The drop in friction coefficient during the frictional weakening events tells
us about the decrease in the shear strength of the granular layer upon
vibration application. Figure 5.7 shows the drop in friction coefficient
for different vibration amplitudes. One observation is that the friction
drop size increases by increasing the boundary vibration amplitude. In
addition, we could not see any measurable (beyond fluctuation) change
in the friction coefficient signal for vibration amplitudes A ≤ 1× 10−6L0.
The friction drop increases when vibration is applied at a higher shear
stress level.
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Figure 5.7: Friction coefficient drop during the frictional weakening events for
two different confining pressures of σn = 4 and 40 MPa and different vibration
amplitudes. Different lines for each confining pressures refer to the different
shear stress levels when the vibration is applied.

The energy release of the frictional weakening events for different
vibration amplitudes is presented in figure 5.8. The definition of total
released energy during a frictional weakening event is the same as E
introduced in chapter 3 section 3.2. The sum in Eq. 3.19 for E is performed
over the total number of Ktot values during the frictional weakening event
(within the vibration interval). In addition, for the case of frictional
weakening events, Ktot,0 of Eq. 3.19 represents the background value
of Ktot in the reference run.Larger vibration amplitude results in larger
energy release. This fact is not the simple consequence of a direct transfer
of energy from the vibration source to the friction drop events. Indeed, we
calculated the amount of work done to the granular layer by the boundary
vibration and determined that it is in the order of 10−5 to 10−2 lower than
the released energy. This indicates that the increase in the released energy
does not simply mirror the increase in the energy input into the system by
the applied vibration but it mirrors an increase of the vibration efficiency
in unlocking the particle contacts and facilitating particle rearrangements
and mobilizations. There are fewer fluctuations in the amount of kinetic
energy release at different shear stress levels as the vibration amplitude
increases. Furthermore, vibration amplitudes of A ≤ 1 × 10−6L0 and
A ≤ 5×10−7L0 do not induce a measurable energy release for the confining
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pressures of σn = 40 and 4 MPa, respectively.
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Figure 5.8: Total kinetic energy release as a measure of the frictional weakening
event size for two different confining pressures of σn = 4 and 40 MPa and
different vibration amplitudes.

5.2.2 Effect of shear stress level

We investigate in this section in more detail the influence of the shear
stress level at which the vibration is applied. Figure 5.9 shows the friction
coefficient drop associated with the friction weakening events versus the
shear stress level for the three largest vibration amplitudes. The figure
shows that, for both the confining pressures, the friction drop associated
with each frictional weakening event is on average larger at higher shear
stress level. The influence of the shear stress level is more significant at
σn = 4 MPa, due to the fact that the medium at this pressure is more
mobile and easier to perturb. Furthermore, large vibration amplitudes
increase the influence of the shear stress level on the size of the frictional
weakening events.
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Figure 5.9: Friction coefficient drop as a measure of the frictional weakening
event size for the simulations at σn = 4 and 40 MPa. The results correspond to
the three largest vibration amplitudes.

As a last point, figure 5.10 shows the energy release versus the shear
stress drop of all the frictional weakening events. It emerges that the
energy release is approximately proportional to the shear stress drop
squared, irrespective of the confining stress of the granular layer. The
scaling of energy release with the stress drop is in agreement with
the slip weakening friction law prediction (Ruina, 1983; Palmer and
Rice, 1973; Ida, 1972). The slip-weakening friction law is a category
of experimentally motivated constitutive description of the surface slip
from which earthquake or laboratory instabilities can be predicted
through modeling. This type of modeling of elastic systems reveals that
instabilities in the frictional slip depend on a reduction of the friction force
during some part of the sliding which is called slip-weakening (Ruina,
1983).
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Figure 5.10: Variation of the total kinetic energy release with the associated
shear stress drop drop for frictional weakening events for two confining pressures
of σn = 4 and 40 MPa.

5.3 Clock advance of the large slip event

In this section, we investigate the influence of boundary vibration on
stick-slip dynamics by varying the vibration amplitude and evaluating
the possible existence of a critical vibration amplitude for triggering.
Figure 5.11-a shows the friction coefficient time-series, µ, for a reference
(black line) and its corresponding perturbed runs for a range of vibration
amplitudes. The vibration interval is illustrated with vertical dashed lines
and a gray box. The reference run time-window shows the stick phase
of a large slip event happening at t = 248.7t0. This figure shows that
vibration amplitudes A < 6 × 10−6L0 do not change the time location
of the large slip event, while vibration amplitudes A ≥ 6× 10−6L0 cause
a significant clock advance of the large slip event in the perturbed runs,
compared to the reference run. The kinetic energy signal for the reference
and perturbed runs are shown in Figs. 5.11-b. During a large slip event,
the kinetic energy abruptly increases above its background level. This
corresponds to a transfer of energy from the elastic potential energy to the
kinetic one. For vibration amplitudes A < 6×10−6L0, there exists a mild
and temporary decrease of friction coefficient during the vibration interval.
However, the friction coefficient value goes back to its background value
following the end of vibration and the reference large slip event takes place
with almost no clock advance. For A ≥ 6 × 10−6L0, the large slip event
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takes place with a clock advance and an energy release smaller than the
reference large slip event.

To explore the granular contact network rearrangement and its possible
implications for triggering influence, we look at the ratio of sliding contacts
in the granular layer (Aharonov and Sparks, 2004). We show in figure 5.11-
c the slipping contact ratio (SCR), for the reference and perturbed
runs. For the reference run, at the beginning of the stick phase, the
SCR is about 0.01 (horizontal dot-dashed line in figure 5.11-c). As the
macroscopic friction coefficient increases, the shear force between the
particles increases, hence the SCR increases until it reaches a value of
about 0.04. From this level on, the SCR slightly and gradually increases
until it reaches a critical value of about 0.06, where the large slip event
takes place. The SCR is a measure of the critical shear loading of the
granular layer, showing which portion of contacts are fully mobilized. The
critical SCR value controls the lower bound of the isostatic coordination
number for frictional packings, therefore its increase forces the medium
from a marginally (shear-) jammed to unjammed state (Shundyak et al.,
2007; Song et al., 2008; Bi et al., 2011). Following the start of the
vibration interval, the SCR begins to increase even with quite small
boundary vibrations, in correspondence of the frictional weakening and
destabilization/mobilization of the granular layer. The SCR attains a
maximum at about the peak of the vibration displacement signal. After
the vibration interval, the granular layer stabilizes, accompanied first by
a decrease in SCR, then by an increase up to the background level due
to shearing. After this period, the SCR value recovers slowly back to its
reference level, along the trajectory for small amplitudes A < 6×10−6L0.
However, for large amplitudes A ≥ 6 × 10−6L0, when the SCR value
decreases to a value lower than its value at the beginning of the stick
phase1(shown by a dashed line), it does not go back to the reference level
after the vibration is stopped. The decrease of SCR is then followed
by an increase much higher than the background level (above the values
achieved in the stick phase, SCR > 0.06), which leads to instability and
the granular layer cannot sustain its current shear stress level for long.

The quantity that is of importance in discussing triggering (in
laboratory and in the field) is the strain field. A number of studies pointed

1Note that this decrease in SCR is far beyond the decrease of the friction coefficient
if compared to the corresponding values of both signals (SCR and friction) at the
beginning of stick phase.
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out that a dynamic strain of the order of 10−6 is capable of inducing
dynamic earthquake triggering (Pollitz et al., 2012; Johnson et al., 2008;
Gomberg and Johnson, 2005), even though there are ongoing debates
on the existence of such a unique threshold (for nonlinear behavior) in
geomaterials with different mechanical properties (TenCate et al., 2004b;
Pasqualini et al., 2007a; Elst et al., 2012). In our DEM model, we can
estimate the strain induced by the vibration as, ε = A

λ , where ε is the
induced strain, A is the vibration amplitude in [L0] unit, and λ is the
wavelength. The wavelength is λ = c

f , where c is the sound speed and f

is the vibration frequency. The sound speed is approximately c =
√

K
ρ .

Here, the density of the granular layer is, ρ ≈ 1.8339 × 1011 [ kgm3 ], while
the bulk modulus2, K, is measured to be about 10 GPa. The strain
induced by a specific vibration amplitude, e.g. A = 6 × 10−6 [L0], is

then approximately equal to ε = A
λ = 6×10−6×1.5×10−4

0.2335
1×103

= 3.9 × 10−6.

With similar calculations, vibration amplitudes in the range of: A =
[1×10−7, 1×10−6, 2×10−6, ..., 4×10−5] [L0] correspond approximately to
the strain range of ε = [0.64×10−8, 0.64×10−7, 1.28×10−6, ..., 2.56×10−5].

We can thus conclude that we find a strain threshold for inducing clock
advance of the expected large slip event in the same range that is observed
in the laboratory and field scale studies (Chapter 2, section 2.3 and 2.4).

2The procedure used for measuring bulk modulus is similar to that was used
for shear modulus measurements and is described in chapter 4 section 4.2 of this
dissertation. For bulk modulus measurements, however, the cyclic strain is applied in
the axial direction, i.e. orthogonal to the top boundary of the granular layer.
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Figure 5.11: Triggering influence with increase of the vibration amplitude:
time series of (a) friction coefficient, (b) total kinetic energy and (c) slipping
contact ratio. Two insets for panels (a) and (c) show a more detailed look of the
signals during and shortly after the vibration interval. The vibration interval is
indicated by vertical dashed lines and the shadowed area in all panels. Black
lines in all panels refer to the reference run while color lines refer to perturbed
runs with a range of amplitudes shown in the figure’s color bar.

The change in elastic properties of the granular layer can be inferred
from its shear elastic modulus values. The shear modulus of the granular
layer is measured by applying a shear strain cycle to the system in the
reference and in the perturbed simulations using the approach explained
in chapter 4 section 4.2 of this dissertation. Figure 5.12 shows the shear
modulus measurements for the reference simulation as well as for the
perturbed simulations with a range of vibration amplitudes. During the
frictional weakening events, we observe a decrease in the shear elastic
modulus of the granular layer, in agreement with the mobilization of
particles and kinetic energy increase during the vibration interval as well
as with the evolution of the slipping contact ratio. As the vibration
amplitude increases, the shear modulus further decreases during the
vibration interval. If the vibration amplitude is small (for this example,
A < 6× 10−6L0), the shear modulus recovers after the vibration finishes.
However, if A ≥ 6 × 10−6L0, the shear modulus does not recover
completely as the end of the vibration interval approaches. It instead
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starts to decrease again with an increasing rate as the shearing continues
during the vibration interval. The decline of shear elastic modulus
continues beyond the vibration interval and this behavior eventually leads
to the clock advance of the large expected slip event. This observation
supports the hypothesis of Johnson and Jia (2005) that, upon application
of sufficiently large vibration strains, the shear modulus of the granular
medium decreases and the slip event occurs with a clock advance compared
to its reference spontaneous time.

Figure 5.12: (a) Friction coefficient signal, and (b) shear elastic modulus
measurements for reference (black) and perturbed simulations with a range of
vibration amplitudes. The vibration interval is shaded in panels (a) and (b).

The variations of the coordination number as the number of contacts
per particle for reference and selected perturbed runs are shown in
figure 5.13. The coordination number decreases slightly in the reference
run as we approach the slip onset. In the case of pertubed runs,
coordination number decreases during the vibration interval. It restores
back to the reference level after vibration removal if vibration amplitude
is A < 6 × 10−6L0. However, for vibration amplitudes A ≥ 6 × 10−6L0,
coordination number continues to decrease after vibration removal and it
leads to a clock advance. The behavior is in line with the change in elastic
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shear modulus of the granular layer.

Figure 5.13: (a) Friction coefficient signal, and (b) coordination number
variation for reference (black) and perturbed simulations with a range of
vibration amplitudes. The vibration interval is shaded in panels (a) and (b).

The elastic wave velocity measurements have additionally been carried
out and their results are illustrated in Fig. 5.14. This figure shows the
measurements for an input sinusoidal signal as introduced in chapter 3 in
section 4.3. The measurements are performed at the end of the vibration
interval to show the evolution of the internal structure of the granular
layer. The velocity signals (Vy) shown in figure 5.14 correspond to particle
(4) that has been sketched in figure 4.8. The elastic wave velocity results
confirm again that, as the vibration amplitude increases beyond A ≥
6×10−6L0, the input signal reaches the particle (4) with significant delay,
indicating a decrease in the elastic wave velocity and a weakening of the
granular layer.
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Figure 5.14: Wave propagation measurements at particle (4) as shown in
Fig. 4.9. The measurements are carried out for the reference and the perturbed
simulations with a range of vibration amplitudes and at the end of the vibration
interval.

5.4 Long term triggering influences

In the previous section, the influence of triggering within a range of
amplitudes on the short-term, spontaneous stick-slip behavior is showed
case by an example. In this section, the behavior of the perturbed run is
compared with the reference run, both in the short and long term after
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the application of vibration. The vibration interval is either applied at
about the middle of the stick phase or very close to the onset of a large slip
event. We investigated both types of vibration applications for 30 distinct
large slip events selected from independent reference runs. A vibration
amplitude of A = 7×10−6L0 is used, large enough to cause a clock advance
in an upcoming large slip event. The long term influences of vibration on
the energy release during slip are particularly analyzed. The slip event size
is one of the few measurable variables that is derived from the microscopic
features of the granular layer but also can be statistically analyzed in the
long term following the application of vibration. Vibrations are applied
either in the middle of the stick phase or slightly before the onset of the
spontaneous, large slip event. This part starts with two specific examples,
then the statistical analysis of the results from 30 triggered slip events is
presented.

5.4.1 Vibration about the middle of the stick phase

Figure 5.15-a shows the friction coefficient signal for the reference run
(black line) and a perturbed run (blue line) as an example for the case
when vibration is applied at about the middle of the stick-phase. We
use a normalized time-to-failure on the horizontal axis, tnorm, such that
tnorm = −1 corresponds to the beginning of the stick phase of a reference
slip event, while tnorm = 0 corresponds to the time the slip/failure takes
place in the reference run. The vibration interval center is shown with
an arrow in the figure. The vibration amplitude is A = 7 × 10−6L0 and,
as expected from the earlier observations, it induces a clock advance in
the upcoming large slip event. Fig. 5.15-b illustrates the kinetic energy
signal for these reference and perturbed runs. This figure indicates that
the energy release of the triggered slip event is smaller than the energy
release of the upcoming slip event in the reference run. The cumulative
energy release is defined as Ẽ(t) =

∑M
i=1Ei, where M is the number of

events included in the time interval [0; t] and Ei is the energy release of
event with number i. This metric enables us to compare the overall energy
release due to consecutive events in the perturbed run with the reference
run for the time intervals of interest in a long run. The evolution of
Ẽ(t) in the reference and perturbed runs is plotted in Fig. 5.15-c. The
difference between the cumulative energy release of the perturbed run and
the reference run (Ẽpert. − Ẽref.) is presented in Fig. 5.15-d. Fig. 5.15-d
demonstrates the clock advance in the energy release of the perturbed run,
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followed by a temporary suppression of energy release. The suppression
of energy release is due to the earlier and smaller events in the perturbed
run. This suppression of energy release does not last for a long time (in
this example, it lasts until tnorm ≈ 0.5), as shortly there will be series of
slip events that compensates for the suppression and brings the value of
Ẽpert. − Ẽref. to positive levels. This means there is more energy release
in the perturbed run compared to the reference for a certain amount of
time, 0.5 < tnorm < 3. We call this interval in the perturbed run the
“recovery” period from the initial suppression.

Figure 5.15-e shows the inter-event time, also called recurrence time,
for slip events with size E ≥ 5× 10−7M0 · L0

2 · t0−2 in the reference and
perturbed runs. The event size E = 5× 10−7M0 · L0

2 · t0−2 corresponds
to the middle size range of the smallest events that show some precursory
activity in our 3D DEM model (Ferdowsi et al., 2013). The selection of
E ≥ 5×10−7M0 ·L0

2 ·t0−2 ensures that all events having some precursory
activity, resulting from significant shear loading of the granular layer, are
included. This figure indicates that during 0.5 < tnorm < 1, slip events
take place successively in the perturbed run. These slip events in the
perturbed run have recurrence time smaller than the slip events that take
place in the reference run during the same time interval.

We performed the same type of triggering simulations (vibration
amplitude A = 7 × 10−6L0) for 30 large events selected from different
independent reference runs with different initial particle position. The
average Ẽpert. − Ẽref. signal for these 30 large events is presented in
Fig. 5.16-a. The results, similar to the example described above, show
a clock advance of the large events, on average, followed by a suppression
of energy release until tnorm ≈ 3). The suppression of energy release is
compensated for later on by a period of higher energy release and activity,
termed “recovery”, in the perturbed runs compared with the reference
runs. The “recovery” period can on average last until tnorm ≈ 5 in the
perturbed runs.

For each time-step, the number of realizations where (Ẽpert.−Ẽref.) >
0 and (Ẽpert.− Ẽref.) < 0 are defined as Npos and Nneg, respectively, and

Ntot = 30 is the total number of realizations. The ratios of
Npos
Ntot

and
Nneg
Ntot

as a function of normalized time are shown in Figs. 5.16-b and -c,
respectively.

The three stages (clock advance, suppression and recovery) can be
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Figure 5.15: Characteristic triggering behavior when vibration is applied at
about the middle of the stick phase: (a) friction coefficient signal, (b) total
kinetic energy signal, (c) cumulative energy release, Ẽ(t), for the reference and
perturbed runs, (d) the difference between the cumulative energy release of the
perturbed run and for the reference run (Ẽpert.− Ẽref.) and (e) recurrence time
for slip events with E ≥ 5 × 10−7M0 · L0

2 · t0−2. The vibration amplitude is
A = 7 × 10−6L0.
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characterized based on the
Npos
Ntot

and
Nneg
Ntot

variations in time: (1) clock
advance (−0.5 < tnorm ≤ 0): during this time interval, the majority
(60−80%) of realizations show a constantly higher energy release in their
perturbed runs; (2) suppression (0 < tnorm ≤ 3): in this time period,
more than 90% of the realizations show an abrupt energy suppression
immediately after tnorm = 0. As we get farther from tnorm = 0,
the intensity of the energy suppression gradually decreases, and the
probability of

Nneg
Ntot

declines to around 55%; (3) recovery (3 < tnorm < 5):
during this time interval, the probability of positive and negative values
of Ẽpert. − Ẽref. gradually becomes equal and fluctuates about 50%.
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Figure 5.16: (a) Average results of the difference between the cumulative energy
release of the perturbed run and the reference run (Ẽpert.−Ẽref.) for 30 triggered
large events when vibration is applied about the middle of the stick phase for
each case (arrow shows the approximate location of vibration in the perturbed

runs). Vibration amplitude is A = 7 × 10−6L0. (b)
Npos
Ntot

(%), percentage of

realizations where (Ẽpert.− Ẽref.) > 0. (c)
Nneg
Ntot

(%), percentage of realizations

where (Ẽpert. − Ẽref.) < 0.

Figures 5.17-(a and b) show the complementary Cumulative Distribu-
tion Function (cCDF) of event size (panel a) and recurrence time (panel
b) for slip events with E ≥ 5× 10−7M0 ·L0

2 · t0−2 during the suppression
period in the perturbed and reference runs for 30 triggered large events.

129



CHAPTER 5. SLIP TRIGGERING USING A SINGLE PERTURBATION

The recurrence time statistics follow an exponential distribution with
cCDF (RT ) = e−

RT
τ , where RT is the recurrence time and τ is the

average recurrence time of the distribution. The exponential distribution
for recurrence time statistics is characteristic of a Poisson process. A
stochastic Poisson process implies that the events (in this case only
the large ones) are happening with no correlations with each other but
just randomly. The average recurrence time (τ) increases from τref =
3.79[t0] in the reference simulations to τpert = 4.20[t0] in the perturbed
simulations. Figures 5.17-(a and b) show a tendency toward smaller events
and larger recurrence time (events are more distant from each other) in
the perturbed runs compared to the reference runs.

The distribution function (cCDF) of event size and recurrence time
during the recovery period are presented in Figs. 5.17-(c and d), respec-
tively. The average recurrence time (τ) decreases from τref = 4.56[t0] in
the reference simulations to τpert = 3.82[t0] in the perturbed simulations.
Figures 5.17(c and d) show a shift toward larger events and smaller
recurrence time (events are more closely spaced) during the recovery
period in the perturbed runs compared to the reference runs.
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Figure 5.17: complementary Cumulative Size Distribution (cCDF) of (a) event
size (energy release) (E) and (b) recurrence time (RT) for the period of energy
release suppression in the perturbed and reference runs for 30 triggered large
events. Panels (c) and (d) show the cCDF of events energy size (E) and
recurrence time (RT), respectively, for the perturbed and reference runs during
the recovery period of perturbed runs. The results are for when vibration is
applied at about the middle of the stick phase for each event. The dashed lines
(black color for reference and blue color for perturbed) in panels (b) and (d) show

the exponential distributions of the type cCDF (RT ) = e−
RT
τ , where RT is the

recurrence time and τ is the average recurrence time of the distribution. These
exponential distributions are best fit to the recurrent time cCDFs. Vibration
amplitude is A = 7 × 10−6L0 and only events with E ≥ 5 × 10−7M0 ·L0

2 · t0−2

are considered in the calculations.

5.4.2 Vibration close to the onset of a large slip event

The friction coefficient signal for the reference and perturbed runs of an
example simulation when vibration is applied in the vicinity of the large
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slip event is presented in Fig. 5.18-a. The vibration amplitude is A =
7 × 10−6L0. We observe that, upon applying vibration at this time, the
triggered large slip event takes place almost at the same location as in
the reference run. The kinetic energy signal in Fig. 5.18-b shows that the
energy release of the triggered event is less than the reference case. The
cumulative energy release, Ẽ(t), for the reference and perturbed runs, is
presented in Fig. 5.18-c and indicates the occurrence of perturbed slip
events almost at its reference location with slightly lower energy release
than the reference events. Figure 5.18-d illustrates the difference between
the cumulative energy release, Ẽ(t), of the perturbed run and the reference
one (Ẽpert. − Ẽref.). It indicates that, following triggering, there is a
temporary interval of energy suppression in the perturbed run compared
to the reference. However, this suppression, similar to when the triggering
is applied about the middle of the stick phase, is compensated for shortly
after with a sequence of slip events that result in an overall higher energy
release in the perturbed run compared to the reference run until tnorm ≈
3.2t0.

Figure 5.18-e shows the recurrence time, for slip events with size E ≥
5 × 10−7M0 · L0

2 · t0−2 in the reference and perturbed runs. Similar to
when the vibration is applied in the middle of the stick phase, here we
also observe that, during 1 < tnorm < 3.2, a sequence of slip events with
smaller recurrence time takes place in the perturbed run.

Results of the triggering simulations of 30 large events selected from
different independent reference runs are presented in Fig. 5.19. These 30
reference runs are the same as those used for the study of vibration applied
in the middle of the stick phase. The results show on average a suppression
of energy release in the perturbed simulations until tnorm ≈ 3.5. The
suppression of energy release is followed by a recovery period of higher
energy release and higher activity during interval tnorm = [3.5, 5].

Figures 5.19-(b) and (c) show
Npos
Ntot

and
Nneg
Ntot

for the Ẽpert. −
Ẽref. distribution across the time axis, respectively. Immediately after

vibration, the probability of Ẽpert. − Ẽref. < 0 increases abruptly to
around 80%, which implies the energy suppression phenomenon. As we
get farther from the vibration interval, the intensity of energy suppression
decreases, while the probability of Ẽpert. − Ẽref. > 0 increases. As
we approach the recovery period, the positive and negative values of
Ẽpert. − Ẽref. become equally abundant.
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Figure 5.18: Characteristic triggering behavior when vibration is applied at
slightly before a large event onset: (a) friction coefficient signal, (b) total
kinetic energy signal, (c) cumulative energy release, Ẽ(t), for the reference and
perturbed runs, (d) the difference between the cumulative energy release of the
perturbed run and of the reference run (Ẽpert. − Ẽref.) and (e) recurrence time
for slip events with E ≥ 5 × 10−7M0 · L0

2 · t0−2. The vibration amplitude is
A = 7 × 10−6L0.
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Figure 5.19: (a) Average results of the difference between the cumulative energy
release of the perturbed run and the one of the reference run (Ẽpert.− Ẽref.) for
30 triggered large events when vibration is applied slightly before the onset of
large event for each case (arrow indicates the approximate location of vibration

in the perturbed runs). Vibration amplitude is A = 7 × 10−6L0. (b)
Npos
Ntot

(%),

percentage of realizations where (Ẽpert. − Ẽref.) > 0. (c)
Nneg
Ntot

(%), percentage

of realizations where (Ẽpert. − Ẽref.) < 0.

Figures 5.20-(a and b) show the cCDF distribution of event size (panel
a) and recurrence time (panel b) for slip events with E ≥ 5 × 10−7M0 ·
L0

2 · t0−2 during the period of suppression of the energy release in the
perturbed runs and the respective time interval in the reference runs for
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30 triggered large events. The average recurrence time (τ) increases from
τref = 3.95[t0] in the reference simulations to τpert = 4.73[t0] in the
perturbed simulations. Figs. 5.20-(a and b) suggest the occurrence of
smaller events with larger recurrence time in the perturbed runs compared
to the reference runs, during the suppression period.

The distribution function (cCDF) of energy size and recurrence
time during the recovery period are presented in Figs. 5.20-(c and d),
respectively. The average recurrence time (τ) decreases from τref =
4.69[t0] in the reference simulations to τpert = 4.08[t0] in the perturbed
simulations. These figures show that larger events take place with smaller
recurrence time in the perturbed runs compared to the reference runs.
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Figure 5.20: complementary Cumulative Distribution Function (cCDF) of (a)
event energy size (E) and (b) recurrence time (RT) for the period of higher
energy release in the perturbed runs and their respective periods in the reference
runs for 30 triggered large events. Panels (c) and (d) show the cCDF of events
energy size (E) and recurrence time (RT), respectively, for the perturbed and
reference runs during the period of higher energy release in the perturbed runs
and the respective time periods in the reference runs. The results are for when
vibration is applied slightly before the onset of a large event for each case. The
dashed lines (black color for reference and blue color for perturbed) in panels

(b) and (d) show the exponential distributions of the type cCDF (RT ) = e−
RT
τ ,

where RT is the recurrence time and τ is the average recurrence time of the
distribution. Vibration amplitude is A = 7 × 10−6L0 and only events with
E ≥ 5 × 10−7M0 · L0

2 · t0−2 are considered in the calculations.

5.5 Discussion

We found that the friction coefficient drop and the energy release
during the vibration interval scales with vibration amplitude, i.e., larger
vibration amplitude results in larger frictional weakening events. The
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slipping contact ratio is used to explain the grain-scale mechanism of the
frictional weakening phenomenon. The SCR increases significantly in
correspondence of large vibration amplitudes and allows for noticeable
grain contact network rearrangements, grain mobilization and conse-
quently energy release. This observation is consistent with the proposed
hypothesis by Jia et al. (2011) about the evolution of the contact network
in the presence of appreciable acoustic perturbation where the granular
medium arrives at an irreversible regime and elastic weakening occurs
as a result of the sound-matter interaction. Furthermore, we showed
that an amplitude threshold exists for triggering of frictional weakening
events and this threshold is larger for higher confining stresses. This
is also in agreement with the recent experimental observation by Jia
et al. (2011) where they found that the acoustic fluidization threshold
increases by increasing the confining pressure of the granular medium.
In our numerical simulation, the frictional weakening events are much
smaller and slower than regular large slip events. This indicates that
they are similar to the experimental “slow slip” events observed in
the laboratory by Johnson et al. (2012). The amplitude dependence
of frictional weakening event size is further in accordance with their
experimental observations (Johnson et al., 2012).

Our investigation shows that large enough vibration amplitudes, A ≥
6×10−6L0, corresponding to a dynamic strain amplitude of ε ≥ 3.9×10−6,
cause a significant clock advance of an upcoming large slip event in a
sheared granular layer similar to the experiments of Johnson et al. and
in some studies in the earth (Pollitz et al., 2012; Gomberg and Johnson,
2005; Gomberg et al., 2001). We observe that the perturbed runs show
a significant decrease of the slipping contact ratio (SCR) toward the end
of the vibration interval and shortly after it terminates. The decrease of
the slipping contact ratio is followed by a slow recovery to its reference
value after the removal of vibration, if the vibration amplitude is A <
6 × 10−6L0. If A ≥ 6 × 10−6L0, the SCR value decreases to its initial
level at the beginning of the stick phase and does not recover to the
reference trajectory. The decrease of SCR to a value at the beginning of
the stick phase suggests that the medium is unable to sustain its current
high shear stress level and we subsequently observe a significant clock
advance of the slip event for these cases. The significant change of the
SCR is accompanied by a weakening of the granular medium expressed by
a reduction of its shear modulus. This is in agreement with the hypothesis
proposed by (Jia et al., 2011; Johnson and Jia, 2005) about the change of
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the shear modulus of the granular layer following large enough acoustic
perturbations. The dependence of the recovery time on the shear rate
should be further investigated in future works.

The suppression of the energy release when vibration is applied in the
middle of the stick phase is due to the fact that large event takes place
with a clock advance (earlier) in the stick phase. This means that less
energy is stored in the granular layer and a smaller event, accompanied
by a temporary energy release suppression, is expected to occur. The
following recovery period of increased energy release and higher activity
in the granular layer is then expected from the energy conservation point
of view. One has to remember that energy is continuously supplied to the
system by the shear load. As a consequence of this continuous supply,
one can think of a sort of energy conservation within the system.

The distributions of Ẽpert. − Ẽref. for 30 realizations show an abrupt
increase of the negative values shortly after the reference event location
for both cases, either when vibration is applied in the middle of the
stick phase or close to the event onset. This highlights the significance
of the energy suppression after triggering. The suppression is followed
by a recovery period of higher energy release and increased activity in
the granular layer, during which the probability of Ẽpert. − Ẽref. > 0
constantly increases, until it reaches and fluctuates around 50%, hence
equal to the probability of Ẽpert. − Ẽref. < 0. Further efforts should be
dedicated to investigating the evolution of the granular layer properties
including its shear and compression moduli during these two intervals.

In earth, dynamically triggered earthquakes seldom occur instanta-
neously but often with some delay, long after the triggering strain has
passed (Hill, 1993; Velasco et al., 2008; Freed, 2005b). In addition, a
period of increased seismicity has been observed and sustained for days
to weeks in some delayed triggering scenarios (Shelly et al., 2011). The
energy suppression and the subsequent recovery, consisting of higher en-
ergy release and increased activity period in our DEM model, can explain
the abundance of observations that support delayed dynamically triggered
events in the earth, as well as the difficulty and possible controversies in
(dynamically) triggered earthquakes identification (Richards-Dinger et al.,
2010; Felzer and Brodsky, 2006).

An increase in the density of larger events (events with moment
magnitude M ≥ 5) following the dynamic triggering by the 11 April 2012
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east Indian Ocean earthquake has been reported for distant triggered
earthquakes globally as well as in individual regions, for example the
Gulf of California (Pollitz et al., 2012). This change, associated with
the DET phenomenon, also involves an increase in the seismicity rate (or
equivalently a decrease in the recurrence time) of events with moment
magnitude M ≥ 5 in the individual triggered regions, as well as distant
triggered regions worldwide (Pollitz et al., 2012). The decrease in
the recurrence time has also been reported for experiments of acoustic
slip triggering in sheared granular layers by Johnson et al. (2008).
However, a more recent investigation by Pollitz et al. (2014) shows
that the 2012 mainshock is followed by short-lived global increase and
subsequent long quiescent period of seismicity. They suggest that the
two components are linked and interpret this pattern as the product
of dynamic stressing of a global system of faults. They interpret this
observation by considering the fact that transient dynamic stresses can
encourage short-term triggering, but, paradoxically, it can also inhibit
rupture temporarily until background tectonic loading restores the system
to its pre-mainshock stress levels.

We would like to note that the granular gouge layer is at the core of a
fault system and it will interact with the other damaged and undamaged
zones surrounding the fault system. Hence a decrease of the energy release
from the granular gouge in the first immediately perturbed event does not
necessarily mean that the overall triggered slip in the fault system would
be smaller. This will depend on the interaction of the different components
of the system, in additional to the amount of energy stored in the other
parts of the fault system.

5.6 Conclusions

The influences of triggering by vibration applied to the lower boundary
of the granular layer on the stick-slip dynamics of the layer have been
analyzed in this chapter. These influences consist of a frictional weakening
in the vibration interval, clock advance of the next expected large slip
event and long term influences in the form of suppression and recovery of
the energy release from the layer. The frictional weakening was evaluated
based on its associated friction coefficient drop as well as its kinetic energy
release. Our study suggests that above a critical amplitude, A ≥ 6 ×
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10−6L0, vibration and dynamic stressing causes a significant clock advance
of large stick-slip events. We link the observed clock advance for A ≥
6 × 10−6L0 to a major decline in the slipping contact ratio (SCR) as
well as a decrease in the shear modulus and weakening of the granular
gouge layer and show that in these cases the SCR cannot recover to its
reference trajectory. We use the triggering amplitude to investigate the
size of the triggered slips (in terms of energy release during slip) and
its evolution for two cases: (1) vibration applied about the middle of
the stick phase and (2) vibration applied close to the event onset. In
both cases, we observe a suppression of energy release in the perturbed
simulations, in the short term after vibration. For the case when vibration
is applied at the middle of the stick phase, a significant clock advance
of the large slip event occurs. In the long term after vibration, there
is more energy release and higher activity in the perturbed run, which
compensates for the temporary suppression of energy release within the
short term after vibration.The energy suppression and the subsequent
recovery, higher energy release and increased activity period in our DEM
model can explain the abundance of observations that support delayed
dynamically triggered events in the earth, as well as the difficulties in
triggered earthquakes identification.
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Chapter 6

Dynamic slip triggering using
multiple perturbations

In this chapter, the influences of successive triggering time intervals on the
stick-slip behavior of the sheared granular layer are investigated. We have
run simulations of successive triggering of large slip events and studied the
statistics of slip event size as well as of slip recurrence time in perturbed
versus reference simulations. These simulations are motivated by the fact
that the earthquake triggering in the earth scale can also take place in
a similar manner. This implies that a fault gouge experiencing dynamic
earthquake triggering, may be perturbed by multiple, different and/or
separate triggering sources, e.g., other far away earthquakes, during its
stick-slip cycles.

6.1 Successive perturbations and energy re-
lease

To study the influences of the successive perturbations, we ran an initial
reference stick-slip simulation under the confining stress of 40 MPa.
Beginning from t ≈ 244t0, we started to trigger all the spontaneous slip
events with energy size of E ≥ 3 × 10−6M0 · L0

2 · t0−2. The duration
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of the vibration interval and the vibration signal are similar to the ones
used in chapter 5 for triggering by a single vibration interval. The first
vibration interval of a series is applied at a friction coefficient of about
80% of the value achieved at the moment of the reference slip event. A
vibration amplitude A1 = 7 × 10−6L0 is used. After applying vibration
for the first time and triggering the first event, the perturbed simulation
is used for continuing the study. It is monitored for the next slip event
with event size E ≥ 3 × 10−6M0 · L0

2 · t0−2 and the expected slip event
is perturbed with the same vibration amplitude of A1 = 7 × 10−6L0 at
about 80% of the failure friction coefficient. The procedure is continued
for a total of 21 vibration intervals. The friction coefficient signal of the
initial reference and final perturbed simulations are shown in figure 6.1-a.
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Figure 6.1: (a) Friction coefficient signals for the initial reference and
successively perturbed runs (A1 = 7 × 10−6L0). (b) Friction coefficient signals
for the initial reference and successively perturbed runs (A2 = 9× 10−6L0). (c)
Cumulative energy release for the initial reference and successively perturbed
runs with amplitudes of 7×10−6L0 and 9×10−6L0. (d) The difference between
the cumulative energy release of the perturbed run and reference runs. The
arrows ((a),(b)) show the vibration intervals. The shaded bars ((c),(d)) indicate
the vibration intervals in the perturbed simulation with A1 = 7 × 10−6L0.
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We repeated the same numerical experiment with a vibration ampli-
tude of A2 = 9×10−6L0 for 21 vibration intervals. The friction coefficient
signals of this successive triggering simulation and the initial reference
simulation are illustrated in figure 6.1-b. The vibration intervals are
shown with arrows in panels (a) and (b) of figure 6.1. The cumulative
energy release signals for the final perturbed simulations (with vibration
amplitudes of A1 and A2) and the initial reference simulation are plotted
in figure 6.1-c. The difference between the cumulative energy release signal
of the final perturbed and initial reference simulations are presented in
figure 6.1-d. It can be seen in figure 6.1-d that the successively perturbed
simulations experience temporary periods of suppression of energy release
following an initial clock advance. The temporary suppression is small for
the vibration amplitudes A1 and lasts until t ≈ 280t0. This temporary
suppression is more noticeable for the vibration amplitudes A2 and lasts
until t ≈ 300t0. Following these initial suppression periods, the cumulative
energy release in the perturbed simulations gets larger than the reference
simulation one for the remaining of the simulation intervals, until the
multiple triggering experiments are finished.

The event size distribution (cCDF) of large events (E ≥ 1× 10−6M0 ·
L0

2 ·t0−2) for the final perturbed simulations with vibration amplitudes of
7×10−6L0 and 9×10−6L0 and the initial reference simulation for the time
interval of the triggering experiments, ∆tp = [244, 960]t0, is presented
in figure 6.2. This figure shows that the event size distribution for the
perturbed simulations has a larger tail for large events for both vibration
amplitudes. There is a successive clock advance of large slip events after
each triggering in the perturbed simulations compared to the reference
simulation, which results in an overall clock advance of the energy release
until the end of multiple triggering experiment. The increase of the energy
release in the perturbed simulations compared to the reference simulations
can also be partly due to the accumulation of the recovery periods, that
most of the times follow after vibration, and the initial suppression period
associated with them. The features of suppression and recovery periods
after a vibration interval are discussed in chapter 5.
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Figure 6.2: Event size distribution (cCDF) of slip events in the successively
perturbed simulations with vibration amplitudes of 7× 10−6L0 and 9× 10−6L0

versus the initial reference simulation.

6.2 Successive perturbations and recurrence
time

We next investigated the recurrence time statistics of slip events in the
multiple triggering simulations and compared them with the results for the
reference simulation. We noticed that the total number of slip events in
the perturbed simulations decreases significantly compared to the initial
reference simulations. The decrease has been observed mostly for small
events, i.e. events with E � 1×10−6M0 ·L0

2 · t0−2. The number of small
events decreases from 2960 in the reference simulation to 1839 and 1888
in the perturbed simulations with the vibration amplitude of 7× 10−6L0

and 9×10−6L0, respectively. Due to this fact, the average recurrence time
increases from R̃T = 0.13t0 in the reference simulation to R̃T = 0.24t0 and
R̃T = 0.23t0 in the perturbed simulations with the vibration amplitudes
of 7× 10−6L0 and 9× 10−6L0, respectively.

We have shown in chapter 4 that a large portion of the potential
energy release during slip events goes to frictional dissipation and produces
artificial heat. Considering this fact and also the significant decrease in
the number of small events in the multiple triggering simulations, it is
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expected that there is less energy loss in the form of frictional dissipation
and consequently more energy release in the form of large events occurring
in the multiple triggering simulations.

Figure 6.3 shows the cumulative size distribution of recurrence time
for the initial reference simulation and the multiple triggering simulations
for the two vibration amplitudes. The figure shows a shift in the
recurrence time distributions toward larger values for both the perturbed
simulations compared to the initial reference simulation. To further
check this observation, we ran another multiple triggering simulation that
started about 100t0 later in time (TI2). The vibration amplitude for this
perturbed simulation is 7 × 10−6L0. The distribution of recurrence time
for this additional perturbed simulation and its corresponding reference
simulation are shown with dashed lines in Fig. 6.3 and confirms the
increase in recurrence time for this other successively perturbed simulation
(TI2) compared to its initial reference simulation.
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Figure 6.3: Distribution of recurrence time for reference and successively
perturbed simulations with the vibration amplitudes of 7 × 10−6L0 and 9 ×
10−6L0. The dashed lines show the statistics of reference and perturbed
simulations for another long run, which starts about 100t0 after the other
perturbed simulations to check the reproducibility of these observations.
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Figure 6.4: Distribution of normalized recurrence time for reference and
successively perturbed simulations with amplitudes of with the vibration
amplitude of 7 × 10−6L0 and 9 × 10−6L0.

To account for the change in recurrence statistics, we calculated the
normalized recurrence time for each reference and perturbed simulations.
The normalized recurrence time for each slip event is calculated as its
recurrence time divided by the average recurrence time in intervals of ∆t =
30t0 (sliding window averaging with 1

3 overalps). The average normalized

recurrence time is ˜RTnorm = 0.4287 in the reference simulation, while it is
˜RTnorm = 0.3840 and ˜RTnorm = 0.3930 in the perturbed simulations with

the vibration amplitudes of 7×10−6L0 and 9×10−6L0, respectively. The
distribution of the normalized recurrence time for the reference simulation
and the successively perturbed simulations with the vibration amplitude
of 7 × 10−6L0 and 9 × 10−6L0 are shown in figure 6.4. Interestingly,
the distribution of normalized recurrence time for the reference and
successively perturbed simulations is very similar and indistinguishable.
This would mean that the main change in the multiple triggering
simulations regarding their recurrence statistics, is a shift on average
toward larger recurrence times, while the other statistical features of the
recurrence time distributions remain almost unchanged.

The distributions of normalized recurrence times in logarithmic scales
are shown in figure 6.5. The recurrence time distribution of all events
in our system is not an exponential type distribution and therefore does
not indicate the features of a Poisson process. The recurrence statistics
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of all events have a more complicated behavior similar to that observed
by Saichev and Sornette (2006) for recurrence time of a large catalog of
earthquakes worldwide and suggests that there might be a correlation
between total catalog of events in our simulation. However, we would like
to note that the distribution of recurrence time for large events in our
system (also presented in Chapter 5) follows an exponential distribution.
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Figure 6.5: (Logarithmic plot) Distribution of normalized recurrence time for
reference and successively perturbed simulations with amplitudes of with the
vibration amplitude of 7 × 10−6L0 and 9 × 10−6L0.
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Figure 6.6: (a) Friction coefficient signal for the multiple triggering simulation
with vibration amplitude of 7× 10−6L0 and its initial reference simulation. (b)
Recurrence time for those small events that are not taking place any longer in
the perturbed simulation and consequently lead to a shift in the recurrence time
statistics.

Furthermore, we investigated when the large proportion of small
events are disappearing in the perturbed simulations compared to their
respective reference simulations. Figure 6.6-b shows those small events in
the reference simulation that are no longer taking place in the multiple
triggering simulation with the vibration amplitude of 7 × 10−6L0. To
find these small events, we divided the total simulation interval to time
intervals of ∆t = 30t0. We then compared the distribution of recurrence
time in the perturbed simulations with the reference simulation for
individual periods of ∆t = 30t0 for the total simulation interval and
found those events that are contributing to the change in the recurrence
time distribution plot. These events with and their recurrence times are
plotted in Figure 6.6-b. This figure shows that the decrease in small
events occurrence is taking place all over the simulation interval and is
not particularly localized either after a specific slip event or a vibration
interval itself.
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The cCDFs of recurrence time of large events (with E ≥ 1× 10−6M0 ·
L0

2 · t0−2) in the reference and perturbed simulations are presented in
figure 6.7. This figure is plotted in normal-logarithmic (x-y) scales. The
distribution of both perturbed and reference simulations is close to an
exponential distribution which is important characteristic of a Poisson
process. A stochastic Poisson process implies that the large events are
taking place with no correlations with each other but just randomly. The
same feature emerges in the distribution of normalized recurrence time of
large events for the reference and perturbed simulations.
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Figure 6.7: Distribution of recurrence time for large events in the initial
reference simulation and multiple triggering simulations with the vibration
amplitudes of 7 × 10−6L0 and 9 × 10−6L0

The CDFs of the normalized recurrence time for large events for the
reference and multiple triggering simulations are shown in figure 6.8. This
figure is in logarithmic-normal (x-y) scales as it suits the study. This figure
shows that the distribution of normalized recurrence time of large events
changes in two regions significantly in the multiple triggering simulations
compared to the initial reference ones. In both perturbed simulations,
the number of events with about the average recurrence time decreases,
while the number of events with small recurrence time increases in the
perturbed simulations compared to the initial reference ones.

Figure 6.9-b shows when the number of large events with small
recurrence time (blue points) and the number of large events with about
the average recurrence time (magenta points) increases and decreases,
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Figure 6.8: Distribution of normalized recurrence time for large events in the
initial reference simulation and successively perturbed simulations with the
vibration amplitudes of 7 × 10−6L0 and 9 × 10−6L0

respectively. These events are found by comparing the distributions of
recurrence time in the perturbed simulations with the reference simulation
for sequential periods of ∆t = 30t0 for the total simulation interval similar
to the procedure that has been carried out for identifying the disappeared
small events in section 6.2.

Figure 6.9-b indicates that except for the event at t ≈ 280t0, the
increase and decrease in the number of large slip events with small and
average recurrence times are not localized after a specific triggered event or
vibration interval. The event at t ≈ 280t0 is an exceptionally large event
with a large sequence of aftershocks following it, which are only postponed
by applying successive vibration intervals between 247 < t < 280.
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Figure 6.9: Friction coefficient signal for the multiple triggering simulation
with vibration amplitude of 7 × 10−6L0 and its initial reference simulation.
(b) Recurrence time for those large events with small recurrence time (blue
points) and about the average recurrence time (magenta points) whose number
increases and decreases respectively in the perturbed simulations compared to
the reference one.

6.3 Conclusion

In this chapter, we investigated the influences of successive perturbations
on the stick-slip dynamics of the sheared granular layer. We particularly
explored the evolution of the cumulative energy release and distributions
of the event size and the recurrence times for small and large events. We
found that following the application of successive vibration intervals, the
number of small events decreases significantly in the perturbed simulations
compared to the reference ones. The decrease in the number of small
events happens almost uniformly along the simulation interval and is not
localized after a particular event or vibration interval. The decrease in
the number of small events is accompanied by an increase in the average
recurrence time. However, the distribution of normalized recurrence
time for all events for the perturbed and reference simulations remain
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unchanged. In addition, the energy release in the multiple triggering
simulations is larger than the energy release in the reference simulation
and the distribution of slip event size moves toward larger events in the
perturbed simulations. There is a successive clock advance of large slip
events after each triggering in the perturbed simulations compared to
the reference simulation, which results in an overall clock advance of the
energy release until the end of successive triggering experiment. The
increase of the energy release in the perturbed simulations compared to
the reference simulations can also be partly due to the accumulation of the
recovery periods that most of the times follow after a vibration interval
and the initial suppression period associated with that.
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Chapter 7

Parametric studies of the vibra-
tion source

In this chapter, we investigate the influences of the main properties of the
vibration signal on the slip triggering in the sheared granular layer. The
investigated properties of vibration consist in:

1. Direction of vibration. We compare the influence of horizontal
vibration (in X or Z direction) with the normal (Y direction) vibration
that is used throughout the earlier chapters of this dissertation.

2. Frequency of vibration. The frequency that is used in the
previous chapters was 1000 Hz. We here look at the influence of increasing
and decreasing the vibration frequency on the slip triggering phenomenon.

3. Duration of vibration. We look at the response of the medium
to longer vibration intervals.

The influences of the vibration amplitude have been explored in detail
in chapter 5 of this dissertation. However, we look again at the vibration
amplitude influences in the sections of this current chapter.

155



CHAPTER 7. PARAMETRIC STUDIES OF THE VIBRATION SOURCE

7.1 Horizontal vibration

Figure 7.1 shows the configuration of vibration when it is applied in the
X or Z-directions (horizontal) compared to when the vibration is applied
normal to the lower boundary (along Y direction).

X

Y

Z

shear

confining 
pressure

vibration
displacement

Vibration in Y-dir Vibration in Z-dirVibration in X-dir

(a) (b) (c)

Figure 7.1: The vibration applied in Y -direction (normal to the lower boundary)
(a), X-direction (horizontal) (b) and Z-direction (horizontal) (c).

Figure 7.2 shows the triggering influences of shear vibration in X
direction with a range of vibration amplitudes. The vibration source is
implemented similarly to the normal vibration that has been introduced
and used in chapter 5, the only difference being that the vibration
displacements are imposed in the X direction to the lower boundary of
the granular layer. The friction coefficient time series shown in panel
(a) of figure 7.2 indicates that the features of horizontal vibration are
very similar to the normal (along Y direction) vibration, except that the
clock advance of the expected large slip event tends to occur at larger
vibration amplitudes. In this figure, the clock advance occurs for vibration
amplitudes of A ≥ 2 × 10−5L0, whereas the clock advance for normal
vibration takes place for A ≥ 6 × 10−6L0. The variation of the slipping
contact ratio for the range of amplitudes of shear vibration are presented
in panel (b) of figure 7.2. The influences of the normal vibration are once
again presented in figure 7.3. The evolution of the slipping contact ratio
during and after the vibration interval is qualitatively similar to the one
for the normal vibration. However, the slipping contact ratio achieves
lower values during the vibration interval for similar vibration amplitudes
using the shear vibration compared to the normal vibration. The slipping
contact ratio values at their peak point during the shear vibration interval
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are almost half of their corresponding values at the peak point during the
normal vibration interval with similar vibration amplitudes.

Figure 7.2: Triggering influence when vibration is applied in the X direction:
time series of (a) friction coefficient, and (b) slipping contact ratio. Two insets
for panels (a) and (b) show a more detailed look of the signals during and shortly
after vibration interval. The vibration interval is indicated by shaded rectangles
in all panels. The black lines in all panels refer to the reference run while the
color lines refer to the perturbed runs with a range of amplitudes shown in the
figure’s color bar.
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Figure 7.3: Triggering influence when vibration is applied in the Y direction:
time series of (a) friction coefficient, and (b) slipping contact ratio. Two insets
for panels (a) and (b) show a more detailed look of the signals during and shortly
after vibration interval. The vibration interval is indicated by shaded rectangles
in all panels. The black lines in all panels refer to the reference run while the
color lines refer to the perturbed runs with a range of amplitudes shown in the
figure’s color bar.

To further explore the influences of the horizontal vibration in X
direction and compare them to the normal vibration’s, we investigate
the elastic wave propagation inside the granular layer when vibration is
applied horizontally. Figure 7.4 shows the absolute value of the Fourier
transform of the particle velocity X component in correspondence of
a vibration frequency fvib = 1000 Hz for the four observer particles
(particles number (1) to (4) as described in Fig. 4.9). The results
presented in figure 7.4 correspond to the vibration amplitude of A =
6 × 10−6L0. The absolute value of the particle velocity Y component
Fourier transform of the for the same four observer particles is shown in
figure 7.5. Figures 7.4 and 7.5 show that as expected, the elastic wave
brings along both a X and Y displacement. However, comparing the
absolute values of the Fourier transform of both the X and Y components
of the particle velocity for the horizontal vibration to the the results for
the normal vibration indicates that the horizontal vibration is less effective
in transmission to and through the granular layer and that is the reason
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why it requires significantly larger amplitudes to induce a clock advance
of the expected large slip event. For easier comparison, the moduli of
the Fourier transform of the Y-component of the particle velocity vector
corresponding to the input vibration frequency of fvib = 1000 Hz for the
normal vibration are once again shown in figure 7.6.
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Figure 7.4: The modulus of the Fourier transform of the X component of the
particle velocity vector corresponding to the input vibration frequency of fvib =
1000 Hz for the four observer particles as they are sketched in Fig. 4.9. The
vibration is applied in X direction and its amplitude is A = 6 × 10−6L0.
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Figure 7.5: The modulus of the Fourier transform of the Y component of the
particle velocity vector corresponding to the input vibration frequency of fvib =
1000 Hz for the four observer particles as they are sketched in Fig. 4.9. The
vibration is applied in X direction and its amplitude is A = 6 × 10−6L0.

From the results of the X and Y component of the particle velocity
vector corresponding to the vibration propagation presented in figures 7.4
and 7.5, we can also notice that the shear component of the wave decays
very slowly compared to its normal component. This is also expected for
the shear wave versus compressional wave propagation in a continuum
medium. In such a medium, the shear wave decays with rd

−2 while the
compressional wave decays with rd

−1, where rd is the distance from the
source (Meyers, 1994). Figure 7.5 indeed shows the emergence of the
integer harmonics for the Y component of particle velocity vector, similar
to the results for the normal vibration propagation. However, the integer
harmonics are not visible for the X component of the particles velocity
vector in figure 7.4.
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Figure 7.6: The modulus of the Fourier transform of the Y component of the
particle velocity vector corresponding to the input vibration frequency of fvib =
1000 Hz for the four observer particles as they are sketched in Fig. 4.9. The
vibration is applied in Y direction and its amplitude is A = 6 × 10−6L0.

To check whether the difference between shear vibration influence
when applied in X direction and the normal vibration is or is not due
to the coupling between the shearing of the granular layer which is also
applied in the X direction, we additionally checked applying the shear
vibration in the Z direction (configuration is shown in Fig. 7.1-c). The
friction coefficient signals for the reference and perturbed simulations with
a range of amplitudes when the vibration is applied in the Z direction are
presented in figure 7.7. The behavior is very similar to the shear vibration
applied in the X direction. The transition from no clock advance to clock
advance indeed takes place at the vibration amplitude of A ≥ 2×10−5L0.
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Figure 7.7: Time series of the friction coefficient when vibration is applied in
the Z direction. The vibration interval is indicated by a shaded rectangle. The
black line refers to the reference run while the color lines refer to the perturbed
runs with a range of amplitudes shown in the figure’s color bar.

7.2 Frequency of vibration

The frequency of vibration is inversely proportional to its wavelength,
the distance over which the induced propagating wave’s shape repeats in
the medium in which it propagates. We tried vibration frequencies in
the range of [250, 500, 800, 1200, 1500, 2000]Hz in addition to the default
vibration frequency of 1000 Hz that is used in the previous chapters of
this dissertation. Figure 7.8 shows the friction coefficient time series for
the perturbed simulations with a range of vibration amplitudes and the
vibration frequencies of 800 Hz (panel (a)), 500 Hz (panel (b)), and 250 Hz
(panel (c)). This figure shows that as the vibration frequency decreases,
the vibration becomes less effective in the short time scale, i.e. as far as
the influence within the vibration interval and the clock advance of the
next large slip event is concerned. The vibration amplitude that causes
clock advance increases from A ≥ 6 × 10−6L0 for fpert equal to 1000 Hz
to A ≥ 4 × 10−5L0 for fpert of 250 Hz. At vibration frequency of 250
Hz, only the largest vibration amplitude used in this study is capable
of inducing clock advance. Figure 7.9 shows the friction coefficient time
series for the perturbed simulations with a range of vibration amplitudes
and the vibration frequencies of 2000 Hz (panel (a)), 1500 Hz (panel
(b)), and 1200 Hz (panel (c)). Figure 7.9 indicates that as the vibration
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frequency increases from 1200 Hz to 2000 Hz, the vibration amplitude
required for inducing a clock advance in the next expected large slip event
stays (saturates) at A ≥ 4× 10−6L0.

Figure 7.8: The friction coefficient time series for the triggering vibration
frequencies of (a) 800 Hz, (b) 500 Hz and (c) 250 Hz. The vibration interval
is indicated by shaded rectangles in all panels. Black lines in all panels refer
to the reference run while color lines refer to perturbed runs with a range of
amplitudes shown in the figure’s color bar. “C.A.” refers to Clock Advance of
the next expected large slip event.
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Figure 7.9: The friction coefficient time series for the perturbed simulations
with the vibration frequencies of (a) 2000 Hz, (b) 1500 Hz and (c) 1200 Hz.
The vibration interval is indicated by shaded rectangles in all panels. Black
lines in all panels refer to the reference run while color lines refer to perturbed
runs with a range of amplitudes shown in the figure’s color bar. “C.A.” refers
to Clock Advance of the next expected large slip event.

Figure 7.10 summarizes the results shown in the two previous figures as
the variation of the minimum vibration amplitude required for the clock
advance versus the frequency of the applied vibration. This figure shows
that by increasing the frequency of vibration, the minimum vibration
amplitude required for observing a clock advance of the expected large
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slip event gradually decreases until we reach a vibration frequency of 800
Hz. From this point on by further increasing the vibration frequency the
minimum amplitude for clock advance only decreases slightly and stays at
the vibration amplitude of A ≥ 4 × 10−6L0 for the vibration frequencies
of 1500 and 2000 Hz.

This trend can be explained by calculating the vibration wavelength,
for example, for the fpert of 1000 Hz, which is the default vibration
frequency that is used in the study, we can write:

λpert =
v

fpert
=

0.2

1000
= 2× 10−4m (7.1)

Additionally, the grain diameter in the granular gouge layer is in the
range of [1.05; 1.5]× 10−4m. We notice that the vibration wavelength for
the vibration frequency of 1000 Hz is very close to the average size of
the granular gouge particles. Further increase of the vibration frequency
decreases the vibration wavelength, but even the current wavelength at
frequencies in the range of 800-1000 Hz can explore the granular media
at the grain scale and thus perturb the contact network of the medium
more effectively. However, decreasing the vibration frequency increases
the vibration wavelength. As a result, the perturbing vibration at
frequencies lower than 500 Hz, explores the granular layer at length scales
larger than the grain size and does not perturb significantly the grain
arrangements and the contact network of the granular layer. A similar
behavior for the triggering frequency has been observed by Savage and
Marone (2007) in laboratory experiments with sheared and dynamically
perturbed granular layers, where they notice that upon increasing the
triggering force frequency, the friction coefficient at dynamic (perturbed)
failure starts to decrease compared to the friction coefficient at reference
(unperturbed) failure until a critical frequency is reached. By further
increase of the frequency beyond that critical value, the ratio of the
friction at dynamic failure to the friction at the reference failure saturates
and does not decrease any further (Savage and Marone, 2007). The
vibration frequency of 1000 Hz used in this study is in a range that can
effectively perturb the granular layer at the grain scale and change its
contact network significantly with short time exposures.
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Figure 7.10: The minimum vibration amplitude for inducing clock advance
versus the vibration frequency

7.3 Duration of vibration

The influences of the duration of vibration has been investigated by
applying vibrations with duration of [1.5, 2.5]× the default vibration
duration. The default vibration duration used in the previous chapters of
this study was 0.1t0. Figure 7.11 shows the friction coefficient signals for
perturbed simulation with the duration of vibration of [0.15, 0.25]t0. The
results for the default duration of vibration of 0.1t0 are also presented
in the figure to make comparison easier. Figure 7.11 indicates that by
increasing the vibration interval, the friction drop during the frictional
weakening events (within the vibration interval) for similar vibration
amplitudes increases. In addition, by increasing the duration of vibration
from 0.1t0 to 0.25t0, the minimum vibration amplitude required for
inducing a clock advance of the next expected large slip event gradually
decreases from A = 6 × 10−6L0 to A = 4 × 10−6L0 respectively.
The influence of the duration of vibration on perturbing the stick-
slip dynamics has not been explored in any experimental works to our
knowledge. Pollitz et al. (2012) have shown by studying the dynamically
triggered earthquakes following the April 2012 M = 8.6 east Indian
Ocean earthquake, that the dynamic triggering depends on not only the
amplitude of transient dynamic strains (in their study, dynamic triggering
takes place if the dynamic strain amplitude is larger than ∼ 1 × 10−7),
but also the duration for which they are applied.
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Figure 7.11: The friction coefficient time series for the perturbed simulations
with the duration of vibration of (a) 0.1t0, (b) 0.15t0 and (c) 0.25t0. The
vibration interval is indicated by shaded rectangles in all panels. Black lines
in all panels refer to the reference run while color lines refer to perturbed runs
with a range of amplitudes shown in the figure’s color bar. “C.A.” refers to
Clock Advance of the next expected large slip event.

Figure 7.12 shows the slipping contact ratio (SCR) variation for the
perturbed simulations with an increased vibration interval of 0.15t0 and
compares it to the variation of the SCR in the default vibration duration
of 0.1t0. The comparison shows that the evolution of the SCR during and
after the vibration interval in the longer vibration duration of 0.15t0 is
similar to the one observed for the default vibration duration of 0.1t0. The
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SCR increases toward the peak amplitude during the vibration interval,
then it starts to decrease afterward and gradually recovers to its reference
values. However, the simulations where vibration lasts longer, experience
more significant increase of the SCR during the vibration interval, which
would mean that, similarly to the drop in the friction coefficient presented
in figure 7.11, the increase in SCR is not only a function of the vibration
amplitude but also of the duration of exposure to a specific vibration
amplitude. In this part we have only shown the immediate and short term
influences of increasing the duration of vibration interval. The influence
of longer vibration intervals on the long term evolution of the sick-slip
dynamics remains to be explored in future studies.

Figure 7.12: The slipping contact ratio (SCR) time series for the perturbed
simulations with the duration of vibration of (a) 0.1t0, and (b) 0.15t0. The
vibration interval is indicated by shaded rectangles in the panels. Black lines
in the panels refer to the reference run while color lines refer to perturbed runs
with a range of amplitudes shown in the figure’s color bar.
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7.4 Conclusion

We have presented a detailed investigation of the influences of vibration
properties, including its direction, frequency and duration. To explore
the influence of the vibration direction, we applied shear vibration with
a range of amplitudes, and observed that it is less effective in perturbing
the stick-slip dynamics in immediate (within vibration interval) and short
time scales (until the next large slip event). The shear vibration tends
to produce lower amplitudes of particles movement and transmit less
effectively to and through the granular layer compared to the normal
vibration, even though it decays much slower. Influence of the frequency
of vibration has been explored by applying vibration intervals with a range
of amplitudes between 250 to 2000 Hz. We observed that by increasing
the frequency of vibration, the minimum vibration amplitude required
for observing a clock advance of the expected large slip event gradually
decreases until we reach a vibration frequency of 800 Hz. From this point
on by further increasing the vibration frequency the minimum amplitude
for clock advance observation only decreases slightly and saturates at the
vibration amplitude of A ≥ 4 × 10−6L0 for the vibration frequency of
2000 Hz. We explain this phenomenon by referring to the fact that the
increase of the vibration frequency beyond 800-1000 Hz decreases the
vibration wavelength, but even the wavelength at the frequencies of 800-
1000 Hz can explore the granular media at the grain scale and thus perturb
the contact network of the medium effectively. Decreasing the vibration
frequency however increases the vibration wavelength. As a result, the
perturbing vibration explores the granular layer at length scales larger
than the grain size. Therefore, it cannot perturb significantly the grain
arrangements and the contact network of the granular layer. Regarding
the influence of the duration of vibration, we observe that by increasing
the vibration duration, the friction drop during the frictional weakening
events (within the vibration interval) for similar vibration amplitudes
increases. In addition, by increasing the duration of vibration from 0.1t0
to 0.25t0, the minimum vibration amplitude required for inducing a clock
advance of the next expected large slip event gradually decrease from
A = 6× 10−6L0 to A = 4× 10−6L0 respectively. We also found that the
increase of the slipping contact ratio (SCR) during the vibration interval
is not only a function of the vibration amplitude, but also the duration of
exposure to a specific vibration amplitude
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Chapter 8

Conclusions and outlook

8.1 Conclusions

Granular materials are at the core of mature faults and they play a key role
in dynamic earthquake triggering by exhibiting a rich nonlinear response
to external perturbations that includes transition from a marginally-
jammed state (stick-phase) to unjammed state (slip). In this research
effort, we characterized the macroscopic scale statistics and the grain-
scale mechanisms of triggered slip in sheared granular layers. We modeled
the granular fault gouge using three-dimensional discrete element method
simulations. The modeled granular system is put into stick-slip dynamics
by applying a confining pressure and a shear load. The dynamic triggering
is simulated by perturbing the spontaneous stick-slip dynamics using an
external vibration applied to the boundary of the layer. The particularly
important questions to answer were-how does triggered slip initiate?
What are the controls? What are the immediate-, short- and long-term
influences of triggering? The influences of the triggering in our model
consist in a frictional weakening during the vibration interval, a clock
advance of the next expected large slip event and long term effects in the
form of suppression and recovery of the energy released from the granular
layer.
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• Our study suggests that, above a critical amplitude, vibration causes
a significant clock advance of large slip events. We link the observed
clock advance to a major decline in the slipping contact ratio (SCR)
as well as a decrease in shear modulus and weakening of the granular
gouge layer.

• We observe a suppression of energy release in the perturbed
simulations, in the short term after vibration. In the long term after
vibration, there is more energy release and higher activity in the
perturbed run, which compensates for the temporary suppression
of energy release within the short term after vibration. The
energy suppression and the subsequent recovery, higher energy
release and increased activity periods in our DEM model explain
the abundance of observations that support delayed dynamically
triggered earthquakes, as well as provide clues for improving the
methods for identifying triggered earthquakes.

• We found that, following the application of multiple vibration
intervals, the number of small events in the granular layer decreases
significantly in the perturbed simulations compared to the reference
ones. The decrease in the number of small events increases the
average recurrence time in the successively perturbed simulations
compared to the reference simulations. However, the distribution
of normalized recurrence time for all events of the perturbed and
reference simulations remains unchanged. In addition, the energy
release in the successively perturbed simulations surpasses the
energy release in the reference simulation, while the distribution
of slip event size moves toward larger events in the perturbed
simulations.

• We also applied shear vibration with a range of amplitudes, and
observed that shear vibration is less effective in perturbing the
stick-slip dynamics in immediate (within vibration interval) and
short time scales (until the next large slip event). The shear
vibration tends to produce lower amplitudes of particles movement
and is transmitted less effectively to and through the granular layer
compared to the normal vibration, even though it decays more
slowly.

• The minimum vibration amplitude required for observing a clock
advance of the expected large slip event gradually decreases by
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increasing the vibration frequency. This trend continues until we
reach a vibration frequency that results in a wavelength about
the average particles diameter. Decreasing the vibration frequency
will however increase the vibration wavelength. As a result, the
perturbing vibration will explore the granular layer at length scales
larger than the grain size and will not perturb significantly the grain
arrangements and the contact network of the granular layer.

• Regarding the influence of the vibration duration, we observed that
by increasing it, the friction drop during the frictional weakening
events (within the vibration interval) increases for similar vibration
amplitudes. In addition, by increasing the vibration duration, the
minimum vibration amplitude required for inducing a clock advance
of the next expected large slip event gradually decreases.

8.2 Outlooks and perspectives

• The earthquake faults are most of the times at depths affected
by the underground water and aquifers and by their changes.
Recent studies suggest that fluid pressure in fault systems can
enhance earthquake triggering at induced triggered sites (van der
Elst et al., 2013b). The existence of fluid in between of the
fault gouge particles can significantly change the behavior of the
granular materials as well (Mitarai and Nori, 2006; Møller and Bonn,
2007; Huang et al., 2005). The pore pressure can be a competing
mechanism with dilation during stick-slip cycles. Fluid-particles
systems can be studied by using DEM models that account for fluid-
particle interactions. This can be achieved for example by using
DEM models that simulate undrained experiments under constant
volume condition (Soroush and Ferdowsi, 2011; Ng and Dobry, 1992;
El Shamy and Zeghal, 2005; Cheng et al., 2004). The constant
volume approach does not consider fluid compressibility. The
more complicated and computationally expensive method consists
in developing a fluid coupled-DEM model (CFD-DEM) (Chen, 2009;
Shafipour and Soroush, 2008) that takes into account the fluid
compressibility and complete fluid-particle interaction. This will
shed light on the pore pressure evolution during stick-slip events
and its influences on triggering.
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• We here modeled only the behavior of the granular gouge layer.
However, the granular layer is at the core of a fault system and
it will interact with the other damaged and undamaged zone of
the fault system that surrounds it. Hence a decrease of the energy
release from the granular gouge in the first immediately perturbed
event does not necessarily mean that the overall triggered slip in
the overall fault system would be smaller. This will depend on the
interaction of the different components of the system, in additional
to the amount of energy stored in the other parts of the fault system.
A multi-scale modeling approach, e.g., a coupled Extended-FEM-
DEM study that takes into account the influence of the granular
gouge layer at the center of a damaged layer can be modeled with
Extended Finite Element Method, could provide further insight on
this feature.

• An alternative approach for multi-scale studies can be to connect
DEM models to other simplified models of earthquakes, for exam-
ple Burridge-Knopoff model (Burridge and Knopoff, 1967), which
although very useful by themselves, lack information at the grain-
scale of fault gouges.

• We noticed in our study that even the tiniest perturbation can
change the long term trajectory of the friction and energy signals
of the sheared granular layer, even though it does not induce a
clock advance of the expected large slip event and the subsequent
suppression and recovery intervals. The evolution of the friction
and energy signals of the granular media in response to such small
perturbations can be further studied by exploiting methods that
has been developed in the field of nonlinear dynamics for granular
packing (Shen et al., 2014) with a range of interparticle friction
coefficients (this can be zero, which result in frictionless packing) and
solid fractions. This will allow to develop a theoretical description
for the evolution of the frictional and frictionless packings in
response to such perturbations. This approach would also require
further studies about the grain-scale metrics and observers that can
adequately describe the behavior of the granular layer.

• The wave propagation inside the granular layer as a result of
triggering or by itself, is an entire topic that would require more
in depth research effort. In addition, we here did not model the
propagation of wave inside grains. It remains to be investigated in
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future studies how important it is to consider the wave propagation
inside the particles.

• One can add more complexity to the system by modeling and
investigating the triggering phenomenon in a system of non-spherical
particles which would cause significant particles locking and for-
mation of strong and dominant shear bands. Considering the
fragmentation and crushing of particles during the stick-slip events
might be another interesting but computationally expensive feature
to add to such a model. Additionally, the influence of the
temperature at the grain-scale can be implemented by using more
advanced contact laws.

• Exploring the granular physics of earthquakes would become ex-
tremely useful if one could ultimately find a scaling between the
results of the numerical simulations, the laboratory-scale studies
and the earth-scale observation. The starting point for trying to
find such a scaling is the energy budget of earthquakes, relating this
to the measures of event size at different scales, and the statistical
distribution of events. The observation of a power-law behavior
for the distribution of events across the scales, if confirmed by
further investigations, is a helpful finding since it allows to generalize
features across the scales.

• A detailed study of acoustic emissions at the granular scale can
provide further insight about the formation of microslips and
precursory activity before large slip events.

From the analytical geophysics point of view, the features of dynamic
slip triggering presented in this work can provide a basis for improving the
current analytical models, for example, by developing a rate-state friction
model coupled to creep and precursory phase or continued triggering
through a secondary cascade of events.
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Sykes, L. R. and S. C. Jaumé (1990). Seismic activity on neighbouring
faults as a long-term precursor to large earthquakes in the san francisco
bay area. Nature 348 (6302), 595–599.

TenCate, J. A., D. Pasqualini, S. Habib, K. Heitmann, D. Higdon, and
P. A. Johnson (2004a). Nonlinear and nonequilibrium dynamics in
geomaterials. Phys. Rev. Lett. 93, 065501.

TenCate, J. A., D. Pasqualini, S. Habib, K. Heitmann, D. Higdon, and
P. A. Johnson (2004b). Nonlinear and nonequilibrium dynamics in
geomaterials. Physical review letters 93 (6), 065501.

Thornton, C. (2000). Numerical simulations of deviatoric shear
deformation of granular media. Géotechnique 50 (1), 43–53.
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