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Abstract 

Earthquakes are one of most destructive types of geological hazards.  In this 

thesis I will attempt to understand it through controlled laboratory experiments.  

The earthquake dynamic rupturing process itself is a complicated phenomenon, 

involving dynamic friction, wave propagation, and heat production.  Because 

controlled experiments can produce results without assumptions needed in 

theoretical and numerical analysis, the experimental method is thus 

advantageous over theoretical and numerical methods.  

 

Our laboratory fault is composed of carefully cut photoelastic polymer plates 

(Homalite-100, Polycarbonate) held together by uniaxial compression.  As a 

unique unit of the experimental design, a controlled exploding wire technique 

provides the triggering mechanism of laboratory earthquakes.  Three important 

components of real earthquakes (i.e., pre-existing fault, tectonic loading, and 

triggering mechanism) correspond to and are simulated by frictional contact, 

uniaxial compression, and the exploding wire technique.  Dynamic rupturing 

processes are visualized using the photoelastic method and are recorded via a 

high-speed camera.  Our experimental methodology, which is full-field, in situ, 

and non-intrusive, has better control and diagnostic capacity compared to other 

existing experimental methods.  

 

Using this experimental approach, we have investigated several problems: 

dynamics of earthquake faulting occurring along homogeneous faults separating 

identical materials, earthquake faulting along inhomogeneous faults separating 

materials with different wave speeds, and earthquake faulting along faults with a 

finite low wave speed fault core.  We have observed supershear ruptures, 

subRayleigh to supershear rupture transition, crack-like to pulse-like rupture 

transition, self-healing (Heaton) pulse, and rupture directionality. 
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1. For spontaneous rupture along homogeneous faults, we have 

documented the occurrence of supershear and have explored the 

conditions under which the subRayleigh to supershear transition occurs.  

Supershear ruptures (i.e., rupture speed faster than the shear wave speed of the 

material) were observed to propagate at a speed close to the longitudinal speed 

of the material.  This observation provided conclusive evidence for the first 

time of the existence of spontaneous supershear ruptures.  We also observed 

that subRayleigh rupture (i.e., speed slower than the Rayleigh wave speed of the 

material) may jump to a supershear speed after a finite distance of propagation.  

Our experiments investigating this transition have confirmed the Burridge-

Andrews mechanism, otherwise known as the Mother-daughter crack model. 

 

2. For spontaneous rupture between dissimilar materials, we observed 

ruptures propagating bilaterally at different speeds, one at the 

Generalized Rayleigh wave speed and the other at either a subRayleigh 

or a supershear speed.  Depending on geometry and load, ruptures were 

observed indeed propagating at approximately the generalized Rayleigh wave 

speed in the same direction as that of slip in the more compliant material 

(positive direction).  In the negative direction, we observed either subRayleigh 

or supershear ruptures depending on the loading condition.  Supershear 

ruptures always propagated at a speed very close to that of P wave in the slower 

wave speed material. 

 

3. For spontaneous rupture along faults with a finite fault core (low-

velocity zone), we observed for the first time the occurrence of the self-

healing (Heaton) pulse.  We simulated the fault core (gauge zone) using a 

material that is more compliant compared with the material used to simulate the 

host rock.  This is the first experimental attempt to address the earthquake 
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dynamic process for this type of fault geometry.  When the loading level was 

low, both ruptures in the positive and negative directions were sub-shear 

ruptures.  At high enough loading, the Heaton pulse was found propagating in 

the negative direction, which is a direction opposite to that suggested by 

existing numerical simulations.  This observation can be used to provide 

constraints on the nature of physically acceptable available friction models used 

in numerical simulations.  

 

All of the above described experimental observations are innovative and 

conclusive.  Some of them confirm the results of pre-existing theoretical and 

numerical works while some of them do not.  In addition to comparing with 

existing theories, we have tried to directly relate our experimental observations 

to the few available field observations, including supershear, subRayleigh to 

supershear transition, and self-healing (Heaton) pulse.  It is expected that with 

better seismic networks and other innovative measuring methods, more and 

more interesting phenomena associated with earthquakes will be identified as 

we have seen from our experiments.  As an example, the subRayleigh to 

supershear transition has also recently been suggested to exist in natural 

earthquakes.  There are also a few earthquakes that feature both directionality 

and supershear.  The experimentally demonstrated Heaton pulse that we have 

found may be a general feature in real earthquakes since geological faults always 

have a core structure.  Unfortunately, due to the short duration of such pulses, 

only high quality strong motion data will be able to conclusively prove its 

occurrence in a geological setting. 

 

In addition to their value for discovery of new physical phenomena regarding 

rupture dynamics, the experiments described above have a promising validation 

component.  Indeed, the most poorly understand component in the simulations 
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of earthquake rupture processes is the nature and consequence of the dynamic 

frictional laws.  A potentially fruitful way to discriminate among the various 

emerging theories of frictional sliding could involve the numerical modeling of 

the above experiments by using various frictional laws.  The most physically 

relevant frictional laws would be the ones that result in rupture scenarios that 

reproduce the rich spectrum of experimentally observed behaviors. 
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Introduction 

An earthquake can be considered as a source of information, and the acquisition 

of which is the subject of seismology (Kostrov and Das 1988).  The information 

conveyed by seismic waves consists of two parts: 1. the excitation of waves at the 

source of the earthquake and 2. the wave propagation from the source to the 

station.  Consequently, the interpretation of seismic observations requires the 

solution of two fundamental problems: 1. the determination of the velocity 

structure of the medium and 2. the determination of the earthquake source 

parameters. 

 

The practical goal of earthquake seismology is to prevent or reduce human and 

material losses due to earthquakes by estimating the earthquake hazard at a given 

site or by forecasting the occurrence of the next strong event.  Although this can 

be done by a purely phenomenological method (i.e., extrapolating available 

seismic data), the scientific understanding of the earthquake generation process is 

of primary importance in providing more reliable prediction methodologies.  This 

is the purpose of earthquake source studies, or in other words, the study of the 

physics of earthquakes. 

 

Substantial progress has been made in the methods of collecting seismic data. 

Progress in the study of the physics of earthquakes has been slower than progress 

in seismic data collection.  There are many reasons that may account for this.  

One of the main reasons is that the earth is a complex system.  Indeed, there are 

many factors that may contribute to one single observed feature of earthquake 

faulting.  In order to separate those factors, extremely complete data sets, 

featuring high spatial and temporal resolution are needed.  This is way beyond 
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current levels of technological and economical resources.  Also, in order to 

extract common features of earthquake faulting, many large earthquakes 

occurring within a short time are needed.  Although this may be fortunate for life 

on earth, we are usually left with too few events to draw certain conclusions. 

 

The way that we have chosen to overcome some of the above described 

problems is to perform highly instrumented and accurately controlled laboratory 

experiments.  The experiments were designed in such a way as to resemble the 

conditions of the naturally occurring phenomena.  We then hope that the 

phenomena produced in the laboratory represent those that occur in nature.  In 

the laboratory we can nucleate as many earthquakes as we want without seismic 

hazards while the controlled experiments enable us to isolate and study all the 

possible controlling factors, one by one.  The application of cutting-edge, high 

resolution (temporal and spatial) diagnostics in our experiments is another 

important enabling feature.  The diagnostic methods are in situ and full-field. 

 

The classic block-slider model (direct shear type) may be thought of as the first 

effort to simulate an earthquake in the laboratory.  Based on the observations of 

stick-slip in rock-sliding tests, Brace and Byerlee proposed that stick-slip may be 

an important mechanism for shallow earthquakes along pre-existing faults (Brace 

and Byerlee 1966).  Starting in the 1970s, there have been considerable efforts by 

geophysicists trying to characterize earthquake faulting in the laboratory on 

simulated faults (Dieterich 1972; Scholz, Molnar, et al. 1972; Wu, Thomson, et al. 

1972; Brune 1973; Archuleta and Brune 1975; Johnson and Scholz 1976; 

Dieterich 1979; Anooshehpoor and Brune 1994; Dieterich and Kilgore 1994; Gu 

and Wong 1994; Sleep 1995; Brune and Anooshehpoor 1997; Ohnaka, Akatsu, et 

al. 1997; Blanpied, Tullis, et al. 1998; Olsen, Scholz, et al. 1998; Anooshehpoor 

and Brune 1999; Ohnaka and Shen 1999; Uenishi, Rossmanith, et al. 1999).  Fault 
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models including saw-cut rock and foam rubber have been studied either quasi-

statically (friction) or dynamically (earthquake faulting).  Recently, a layer of 

granular material (sand) was introduced into two saw-cut rocks in order to 

characterize the effect of the fault gauge on the frictional response of fault 

systems.  The understanding of earthquake dynamics is greatly improves with 

experimental results conducted using these set-ups.  For example, the slip 

weakening phenomena was demonstrated, the famous state and rate dependent 

law was formulated based on the experiments, the dependence of normal traction 

on the slip was examined, the slip pulse was found.  In order to examine the fast 

event in details, we need to modify or improve those design ideas.  As will be 

discussed later, there are some limitations associated with those experimental 

designs, including edge effects, limited time and spatial resolution, lack of full-

field diagnostics, lack of control, etc.  Consequently, sometimes it is hard to 

interpret the experimental data thus obtained under the framework of earthquake 

dynamics.  Furthermore, researchers have only looked at some simplest cases of 

earthquake faulting, e.g.,, faulting/rupturing along straight interfaces between 

similar materials.  In the real world, the fault can be very complicated 

geometrically, may separate dissimilar material, and may be inhomogeneous in 

strength. 

 

The work described in this thesis is the outcome of the interdisciplinary efforts of 

geophysicists (seismologists) and engineers (fracture mechanicians), and features 

the first attempt of experimental engineers to experimentally investigate the 

physics of earthquakes.  There are quite a few researchers in the field of the 

physics of earthquakes who are engineers themselves (such as Kostrov, Freund, 

and Rice).  All of these investigators have approached the subject from either the 

numerical or the theoretical points of view.  Partially due to the great effort of 

these researchers, seismologists have been able to utilize concepts and models of 
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engineering dynamic fracture mechanics for the interpretation of seismic data.  By 

doing so they have obtained useful information on the state of static and dynamic 

stresses, friction, fracture energy, and rupture velocities; information that is key to 

the understanding of the basic physics of earthquakes.  Unfortunately, the 

theoretical and numerical methods are not enough for the full understanding of 

the earthquake processes, especially the dynamic earthquake faulting process.  As 

an example, the various rate and state friction laws have been proposed through 

the years and used in numerical simulations to predict various of different rupture 

modes (Coker, Lykotrafitis, et al. 2004).  Even worse, a single frictional law may 

yield a host of various rupture predictions by simply choosing different 

combinations of parameters.  Without carefully designed laboratory experiments, 

it would be difficult to tell which factors dominate the occurrence of observed 

phenomena in the geological scale. 

 

Before we discuss our plan in detail, we should note that there are fundamental 

differences in the types of dynamic fracture phenomena that have traditionally 

been studied by engineers and by seismologists.  Perhaps the biggest qualitative 

difference between the two groups comes from the fact that engineers have 

almost exclusively been concerned with the dynamic growth of mode-I (opening) 

cracks rather than mode-II (in-plane shear) ruptures.  The historical reason for 

this preference comes from the fact that most early engineering applications of 

dynamic fracture involved purely homogeneous (monolithic) materials that do 

not feature pre-existing crack paths in the form of fault lines or weak joints.  In 

such solids, dynamic cracks can only grow under strictly opening conditions.  

Indeed, growing cracks are known to curve or kink within a homogeneous solid 

to ensure that they maintain purely tensile (mode-I) conditions at their tips 

(Cotterell and Rice 1980; Nemat-Nasser and Horii 1982; Hutchinson and Suo 

1992).  However, the situation is entirely different in seismological applications.  
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The earth’s crust contains weak interfaces in the form of faults and as such 

should be viewed as an inhomogeneous system.  The system’s inhomogeneity 

arises from the fact that the rupture resistance (or fracture toughness) along the 

fault is lower than that of the surrounding rock material.  That is true even when 

there are negligible differences in constitutive properties across the fault plane, as 

in the case of some geologically young faults.  It is the presence of both fracture 

and constitutive inhomogeneities that accounts for the essence of the differences 

in the types of dynamic cracks and crack behavior relevant to either engineering 

or to geophysics.  The faults typically trap dynamic cracks and constrain such 

cracks to propagate unstably under primarily mode-II conditions. 

 

The difference in the favored rupture growth mode translates also into substantial 

differences in the observed maximum attainable rupture velocities between 

mode-I and mode-II ruptures.  In particular, it has long been known that the 

rupture velocity of tensile (mode-I) cracks in monolithic solids seldom exceeds 

40% of CR, where CR is the Rayleigh wave speed of the solid (Sharon and 

Fineberg 1996; Sagy, Reches,, et al. 2001).  At about that speed, instability sets in 

whereby a dynamically growing mode-I crack branches into two or more mode-I 

branches.  In contrast, the rupture velocity inferred for most crustal earthquakes 

(mode-II ruptures) is about 80-90% of the shear wave speed (CS) within the layer 

where slip occurs (Brune 1970).  This is substantially higher than for mode-I 

cracks.  Moreover, in a few cases, it has been reported that, at least over a portion 

of a fault, the rupture velocity could locally become intersonic (supershear), i.e., a 

speed within the interval between the CS and the P wave speeds CP of the 

surrounding rock (Archuleta 1984; Spudich and Cranswick 1984; Olsen, 

Madariaga,, et al. 1997; Bouchon, Bouin, et al. 2001; Bouchon and Vallee 2003; 

Eberhart-Phillips, Haeussler, et al. 2003; Ellsworth, Çlebi, et al. 2004; Koketsu, 

Hikima, et al. 2004).  The inference, however, of intersonic shear rupture has 
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been met with great caution by the geophysics community because of the absence 

of direct laboratory evidence supporting the attainment of such extreme crack 

velocities.  In partially addressing this skepticism, a series of recent laboratory 

studies of shear rupture along coherent (bonded) interfaces, by Rosakis and his 

co-workers, has revealed the propensity of dynamic interfacial shear cracks to 

unstably accelerate to high subsonic levels and to often propagate within the 

intersonic regime (Lambros and Rosakis 1995), i.e., supershear regime.  These 

experiments conducted by using bonded dissimilar (Lambros and Rosakis 1995; 

Rosakis, Samudrala, et al. 1998; Samudrala and Rosakis 2003) or bonded identical 

materials (Rosakis, Samudrala, et al. 1999; Samudrala, Huang, et al. 2002), 

represent the first experimental evidence of intersonic shear rupture in a 

laboratory setting. 

 

Recognizing the differences and similarities in approach between traditional 

engineering fracture mechanics and seismology, this thesis describes an 

interdisciplinary program on “experimental seismology”.  The goal of this study is 

to utilize elaborate diagnostic methods, already developed for engineering 

research, to study, in real-time, the basic physical phenomena governing fault 

rupture and to address some of the outstanding problems of seismology in the 

field of the physics of earthquakes.   Since seismic faulting occurs spontaneously 

under tectonic stress with a very fast particle motion in excess of 1 m/s (Brune 

1970; Ben-Zion 2001), it is desirable to perform experiments featuring such 

conditions (e.g., spontaneous rupture and fast sliding speeds).  To achieve this, a 

series of “earthquakes” is triggered in the laboratory to keep track of propagation 

of seismic waves and of fault ruptures.  This is made possible by in situ, optical-

based diagnostic techniques combined with a high speed camera.  The fault 

systems are modeled by interfaces between plates, which are held together by 

friction without adhesives (incoherent faults).  External pressure is used to 
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simulate the tectonic stress (~ 400 bar).  The principal direction of pressure will 

form an acute angle with the fault so as to provide driving force for the rupture 

process.  The normal stress applied on the interface, together with its natural 

frictional characteristics, also provides the strength of the interface.  The dynamic 

rupture is triggered by an exploding wire mechanism.  An analogous convention 

has been used in the numerical simulations by Andrews and Ben-Zion (Andrews 

and Ben-Zion 1997) and by Cochard and Rice (Cochard and Rice 2000) to induce 

rupture by suddenly releasing local pressure at the simulated hypocenter location 

along a simulated fault plane. 

 

If seismic faulting is indeed appropriately modeled by the dynamic frictional 

sliding between two solids, our experiments can be used to address many 

outstanding seismological questions.  In the following paragraphs we describe 

some specific questions that can be addressed.  

 

1. Limiting rupture velocities during spontaneous mode-II sliding 

Following the earlier discussion on inferred (through seismic data) mode-II 

rupture velocities, the planned laboratory earthquake experiments will be used to 

investigate favorable subsonic and, perhaps, intersonic speed regimes during 

spontaneous rupturing processes.  It should be noted that early experiments on 

dynamic shear crack growth performed by Rosakis and his coworkers were not 

motivated by seismological considerations and featured bonded (coherent) 

interfaces and stress wave loading (induced by impact).  In contrast, the current 

experiments are designed to address the question of limiting rupture velocities in 

configurations that are designed to mimic spontaneous, rather than wave 

induced, fault ruptures.  The interfaces featured in these configurations are 

incoherent or frictional with no coherent strength or toughness.  The details of 

the experimental set-up will be discussed in Chapter 1.  We will describe the 
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experimental results and some theoretical models regarding the possible limiting 

speeds of laboratory earthquake ruptures in Chapter 2.  In particular, we will 

show the conclusive experimental evidence of supershear spontaneous ruptures 

and, for the first time, we will experimentally describe a unique mechanism that 

enables a spontaneous rupture, which starts at a 0 speed by definition, to reach 

the supershear rupture velocity.  This mechanism is called the Burridge-Andrews 

Mechanism that is first proposed by Burridge and later by Andrews based on 

theoretical and numerical studies (Burridge 1973; Andrews 1976; Andrews 1985). 

 

 2. The crack-like versus the pulse-like nature of rupture 

As described by Rice (Rice 2001), there are two widely accepted classes of models 

that provide adequate approximation to source mechanics and have been widely 

used, through seismic inversion studies, to recover information about the nature 

and speed of propagating ruptures.  The oldest and most classical approach 

describes rupture through the use of elasto-dynamic shear crack models (Kostrov 

1966; Das and Aki 1977; Das, Boatwright, et al. 1988).  More recently, models 

that describe ruptures as ‘self-healing’ slip pulses have been introduced (Heaton 

1990).  The question of whether ruptures assume a ‘crack-like’ or a ‘pulse-like’ 

mode and under what circumstances they do so is currently at the center of 

research activity (Weertman 1980; Heaton 1990; Adams 1995; Andrews and Ben-

Zion 1997; Ranjith and Rice 1999; Rice, Lapusta, et al. 2001). 

 

High-speed photography will be used to examine these conditions.  At this point, 

it should be noted that for constitutively homogeneous fault systems, the 

propensity of a rupture to proceed in a crack-like or a pulse-like manner is 

thought to depend on the nature of the dynamic frictional law (e.g., rate and state 

dependent friction acting on the sliding interface).  For inhomogeneous fault 

systems, the strong coupling between normal and shear stresses at the interface of 
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a bimaterial system is also thought to play a pivotal role in the development and 

growth of dynamic slip pulses.  Indeed, the interaction between slip and normal 

stress can dramatically reduce the frictional strength and make the constitutively 

inhomogeneous interfaces mechanically favored surfaces for rupture growth.  As 

described by Ben-Zion (Ben-Zion 2001), the interaction between slip and normal 

stress allows ruptures to grow in a pulse-like mode under shear stress conditions 

that are low compared to the nominal frictional strength of the interface.  The 

resulting pulse-like ruptures have properties that are compatible with inferences 

of short rise-time earthquake slip (Brune 1970; Heaton 1990; Yomogida and 

Nakata 1994) and have low levels of frictional heat generation. 

 

In addition to the nature of frictional laws and to the presence of elastic property 

mismatch, geometrical effects are also thought to govern the slip-pulse mode of 

rupture. In particular some researchers believe (Miyatake 1992; Nielsen, Carlson, 

et al. 2000) that spatial heterogeneities (e.g., asperity distribution) present on fault 

planes set the local length scale that promotes slip pulse formation and 

determines slip duration.  The experiments described here are primarily aimed 

towards the study of the mechanical rather than the geometrical causes of pulse 

formation.  Although the characteristics of slip pulses have been the subject of 

recent analytical and numerical activity, there are not many visualized pulses in 

the laboratory (Brune, Brown, et al. 1993; Anooshehpoor and Brune 1999).  In 

Chapter 3, we study the earthquake faulting along faults separating bimaterials 

and in Chapter 4 we look at the effect of a finite width low-velocity fault core on 

the earthquake faulting.  In these two groups of experiments, we check for the 

possibility of pulse-like rupturing motivated by recent theoretical and numerical 

works predicting such a phenomenon.  We believe that in the bimaterial case, 

there is no strong evidence of pulse-like faulting while in the low-velocity fault 

zone case, we are able to identify the pulse-like ruptures.  To our surprise, pulse-
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like ruptures propagate in a direction contrary to that suggested in the literature 

(Ben-Zion and Huang 2002).  An explanation for this discrepancy will be 

attempted. 

 

3. Directionality of rupture and rupture velocity in inhomogeneous fault 

systems 

The recent theoretical and numerical studies mentioned in the previous section 

(Weertman 1980; Heaton 1990; Adams 1995; Andrews and Ben-Zion 1997; 

Harris and Day 1997; Ranjith and Rice 1999; Cochard and Rice 2000; Rice, 

Lapusta, et al. 2001) also predict that if rupture occurs on the boundary between 

two frictionally held solids having different elastic properties and wave speeds, 

such a rupture preferentially propagates in the same direction as does the 

direction of slip in the lower wave speed solid.  Since the directionality of fault 

rupture has a profound influence on the distribution of damage caused by 

earthquake ground motion, it would be extremely useful if this behavior could be 

confirmed under controlled laboratory conditions.  In most mature faults the 

elastic properties do vary across the fault (Magistrale and Sanders 1995; Peltzer, 

Crampe, et al. 1999) and shear wave speeds may also vary by as much as 30% 

(Cochard and Rice 2000; Ben-Zion and Huang 2002).  Recently, Rubin, and 

Gillard (Rubin and Gillard 2000) studied several thousands of pairs of 

consecutive earthquakes, that occurred on a segment of the central San Andreas 

fault south of the Loma Prieta rupture.  Among the second events of each pair 

they found that over 70% more occur to the northwest than to the southwest.  

They interpret this asymmetry as being a result of the contrast in material 

properties across the fault.  Indeed, at this location of the San Andreas fault, the 

rock body is more compliant northeast of the fault than it is southwest (Eberhart-

Phillips and Michael 1998).  The experiments described in Chapter 3 are designed 

to study the effect of wave speed mismatch on the nature, speed, and 
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directionality of ruptures propagating along simple inhomogeneous faults.  

Recognizing the fact that inhomogeneous fault structures involve damaged (low 

wave speed) fault cores of finite width (Chester and Chester 1998), more complex 

specimen geometries involving a fault core layer (sandwich-type structures) are 

described in Chapter 4.  The growth of rupture pulses in such sandwich-type fault 

systems has recently been investigated numerically by Harris and Day (Harris and 

Day 1997) and by Ben-Zion and Huang (Ben-Zion and Huang 2002).  Interesting 

issues for this geometry are the possible asymmetry and pulse mode of rupturing.  

We will show that both the bimaterial case and the finite fault core case will lead 

to asymmetry of earthquake faulting.  In Chapter 3, we will show that along the 

positive direction, which is the sliding direction of the more compliant material, 

the rupture propagates with a speed that is close to the generalized Rayleigh wave 

speed.  In the negative direction, the rupture is sub-shear or supershear 

depending on the loading conditions.  In Chapter 4, we will show that in both the 

preferred direction and the opposite direction, the ruptures propagate either at 

the slow Rayleigh wave speed or the slow shear wave speed. 
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C h a p t e r  1  

Experimental Design of Laboratory Earthquakes 

There are not many research groups conducting laboratory experiments in the 

field of the physics of earthquakes, and even fewer groups doing so in the field of 

the dynamic earthquake rupturing process.  The reason lies in the fact that it is 

both complicated to design a proper laboratory earthquake model and difficult to 

conduct the in situ measurements (high speed measurements) that are necessary 

in the understanding of the whole transient rupturing process.  For the few 

currently existing experimental methods, there are some limitations in either the 

model design and/or in the choice of diagnostics.  Common problems in the 

model design are rigid body assumption, unavoidable edge effects, using inelastic 

model materials, and lack of control on the triggering.  Common shortcomings in 

the choice of diagnostics include discrete point measurements (non full-field), 

and limited spatial and temporal resolution.  Consequently, the experimental data 

are controversial and are difficult to interpret. 

 

In this study, a 2-D laboratory earthquake model is designed by using transparent 

photoelastic polymers.  We control the loading in the experiments so that the 

deformation of the polymers always remains elastic.  The fault is simulated by the 

frictional contact between polymer plates under far-field loading provided by a 

hydraulic press.  Earthquakes, which are spontaneous ruptures in nature, are 

triggered in the fault at the location of a simulated hypocenter, and the rupturing 

processes are recorded using a full-field optical technique (dynamic 

photoelasticity combined with high-speed photography).  We show that rupturing 

on faults with various geometries and strengths can be studied using this type of 
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laboratory model and diagnostics.  To demonstrate the flexibility of the 

experimental designs used in this study, results of several earthquake experiments 

will be shown. 

 

1.1 Introduction 

The first effort of simulating earthquakes in the laboratory is the classic block-

slider model (direct shear type).  Based on the observations in rock sliding tests, 

Brace and Byerlee proposed that stick-slip may be an important mechanism for 

shallow earthquakes along pre-existing faults (Brace and Byerlee 1966).  The basic 

assumption of the block-slider model is that rock blocks are rigid, so that edge 

effects can be ignored.  As a result, friction along the interface is uniform and 

only the displacement history of the slider needs to be measured.  In the case of a 

real crustal earthquake, the normal stress at the depth of 10 km is about 300 MPa 

and the Young’s modulus of rock is about 20 GPa, which leads to strains of the 

order of 1.5%.  If we consider only the average stress drop during earthquakes, 

which is thought to be in the range of 1-10 MPa (10-100 bar), the corresponding 

shear strain is in the range of 0.01% - 0.1%.  Indeed, the crust is far from being 

rigid during earthquake faulting.  Although the block-slider model tests provide 

useful insight into some aspects of earthquake mechanics, they should be taken as 

one of the frictional constitutive experimental configurations instead of a 

configuration meant to model earthquakes.   Indeed, based on the experimental 

results of Dieterich (Dieterich 1979), the famous state and rate dependent friction 

law was formulated by Ruina (Ruina 1983) and Rice (Rice 1983).  

 

There are two configurations suitable to produce laboratory earthquakes, namely 

those of direct shear and of biaxial compression (Wu, Thomson, et al. 1972; 

Brune 1973; Johnson and Scholz 1976).  In order to extract rupture dynamics 

information from configurations, the rigid assumption should be abandoned.  
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Indeed, if strain gauges are attached along the fault in a 2-D domain, the dynamic 

strain history on different points can be measured.  With this modification, 

rupture velocities can be estimated (Wu, Thomson, et al. 1972; Brune 1973; 

Johnson and Scholz 1976) in addition to the dynamic friction-slip relation 

(Okubo and Dieterich 1984; Dieterich and Kilgore 1994; Ohnaka and Shen 

1999).  Strain gauges have sizes of about a few millimeters, and this limits the 

spatial resolution of the measurements.  The technique used to measure the slip 

history has the same problem (Okubo and Dieterich 1984; Dieterich and Kilgore 

1994; Ohnaka and Shen 1999).  As a result, the data are point wise, averaged, and 

hard to explain.  For example, although supershear ruptures were suggested by 

this type of experiment (Wu, Thomson, et al. 1972; Johnson and Scholz 1976; 

Okubo and Dieterich 1984), this evidence was far from being conclusive due to 

the quality of the data.  Furthermore, since the diagnostics system (the 

Wheatstone bridge and oscilloscope) was triggered by one of the strain gauge 

signals and there was no information on the exact time and location of the 

starting point of earthquake (Hypocenter), the sampling rate was set low enough 

to capture the whole process.  This limits the time resolution of the 

measurements.  Using this type of set-up, the frictional healing and velocity-

weakening effects were first observed by Scholz,, et al. (Scholz, Molnar, et al. 

1972) and Dieterich (Dieterich 1972). 

 

Recently, two types of modification of the original block-slider model (direct 

shear) were introduced.  The first one involved introducing a granular layer into 

the interface to simulate the fault core (Gu and Wong 1994), and the second one 

involved using soft material (foam rubber) and of using multi-point 

measurements by burying accelerometers inside meter-sized foam rubber blocks 

(Brune 1973; Brune, Brown, et al. 1993).  The first type of test usually ignored the 

dynamic features of the earthquake, so we will not discuss it in detail here.  As to 
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the second type of test, namely, the “foam model”, the usage of slow sound 

speed material has some advantage over rocks in that: 1. the whole process can 

be captured without the need of high sampling rate and 2. 3-D effects can be 

addressed, since it is easy to bury gauges inside the model.  However, some 

serious concerns exist regarding the model material itself exist.  These include its 

non-linear and viscous nature and the special frictional property of the foam 

rubber (the coefficient of friction can be larger than 1).  Regarding their 

constitutive behavior, foam rubber can sustain large deformations and are not 

well described by the theory of linear elasticity.  This together with their visco-

elastic response makes them inappropriate candidates to mimic earthquakes, 

which occur in much stiffer and more brittle materials, i.e., rocks.  Furthermore, 

like all other direct shear type experiments, it has unavoidable edge effects as first 

pointed out by Scholz (Scholz, Molnar, et al. 1972).  The edge effect can be 

understood as follows.  The direct shear loading force is balanced by the 

frictional force along the fault, but there is a net angular momentum due to these 

force pairs.  To balance this angular momentum, the normal force along the fault 

is redistributed so that one end of the fault has a larger normal traction than the 

other end; consequently, the normal stress and the frictional resistance along the 

fault are not uniform.   For exactly the same reason, in a similar experiment done 

by Ohnaka and Shen (Ohnaka and Shen 1999), the instability always started from 

one end of the fault, where the normal force and the frictional resistance are 

reduced for fairly smooth faults.   In these cases the edge effect dominates, 

instead of the roughness. Nevertheless, the foam rubber model has been 

producing interesting results (Brune, Brown, et al. 1993; Anooshehpoor and 

Brune 1994; Brune and Anooshehpoor 1997; Anooshehpoor and Brune 1999).  

 

In order for a natural, large, destructive earthquake to happen, we need at least 

three important prerequisites working together: proper tectonic loading, a pre-
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existing fault and a certain triggering mechanism.  The first two prerequisites were 

addressed fairly well in the previously mentioned models.  The triggering 

mechanism is important for both the earthquake process and the synchronization 

of high speed diagnostics in a dynamic test.  This is usually ignored in most of the 

past earthquake experiments, except for one particular study specifically targeting 

the problem of the dynamic triggering of earthquakes by Rayleigh waves 

(Uenishi, Rossmanith, et al. 1999).  In this work, two photoelastic polymer plates 

of different sizes are held together at their convex sides to form a fault with an 

extended free surface.  Then, a Rayleigh wave pulse is generated on the free 

surface by a point explosion and this wave propagates along the free surface to 

the contact part (fault).  Depending on the direction of the Rayleigh pulse, it may 

be able to trigger the dynamic slip of the fault.  Also, full-field in situ 

measurements, which would be helpful to the understanding of the earthquake 

rupturing process, have never been used before except in the single study we just 

mentioned. 

 

Earthquake rupture can be thought of as a specific case of spontaneous fracture, 

which is either Mode-II (in plane shear) or Mode-III (out of plane shear) in type.  

Spontaneous fracture means a dynamic fracture that is loaded statically and starts 

to propagate due to some triggering mechanism, which after initiating the 

rupture, does not further contribute to its growth history (The driving force is 

contributed by the static pre-load).  Even if we consider only the friction (without 

cohesion) between the two fault surfaces, the earthquake rupture can be modeled 

mathematically by a cohesive zone fracture model, as we will now discuss.  There 

are two models of the fracture tip in fracture mechanics: the singular model and 

the cohesive zone model (Freund 1990; Broberg 1999).  In the former model, the 

fracture tip is a mathematical point and the stress state is singular (stressed 

become infinite as the tip is approached); in the latter model, the fracture tip has a 
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finite dimension (cohesive zone) and the stress and displacement are finite 

everywhere and obey certain cohesive zone constitutive laws inside the cohesive 

zone (process zone).  Inside the cohesive zone, the stress decreases from the 

yielding stress to zero stress at the crack-tip.  If we take the friction law (slip-

weakening, slip-rate-weakening, or state and rate dependent) as the constitutive 

law of the cohesive zone, dynamic frictional earthquake ruptures can be treated 

mathematically the same way as a cohesive zone fracture.  In fact, the slip 

weakening frictional law is an adoption of the Barenblatt cohesive zone model 

for Mode-I fracture to the Mode-II case (Ida 1972; Palmer and Rice 1973).  The 

striking similarities of earthquake rupture models to engineering fracture models 

also suggest the possibility for looking to available experimental techniques from 

fracture mechanics as candidates for the experimental study of earthquake 

dynamics. 

 

As reviewed by Rosakis (Rosakis 2002), fracture mechanicians are paying more 

and more attention to the fractures along material interfaces that are becoming 

common in modern engineering structures and materials.  These interfaces 

usually serve as sites of catastrophic failure of such structures and materials.  On a 

much larger length scale, crustal faults provide natural weak interfaces where 

earthquake ruptures occur.  Experimental methods for dynamic fracture 

mechanics, such as photoelasticity and Coherent Gradient Sensing (CGS) 

combined with high-speed photograghy, have been applied successfully by 

Rosakis and his co-workers in the experimental study of dynamic shear ruptures 

along a weak plane (Lambros and Rosakis 1995; Rosakis, Samudrala, et al. 1998; 

Rosakis, Samudrala, et al. 1999; Rosakis, Samudrala, et al. 2000; Coker and 

Rosakis 2001; Coker, Rosakis, et al. 2003).  These diagnostic techniques, which 

are 2-D in nature, are able to provide full-field in situ stress information.  

Specifically, the photoelastic method, which measures the maximum in-plane 
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shear stress contours, is an attractive candidate for the study of shear dominated 

processes such as earthquake ruptures. 

 

1.2 Experimental Set-up 

As discussed above, there are three important factors for an earthquake event: a 

geological fault (usually pre-existing), far-field tectonic loading, and a certain 

triggering mechanism.  The last factor, addressed very well in numerical 

simulations as either a local over-stress (Andrews 1976) or a local pressure release 

(Andrews and Ben-Zion 1997; Cochard and Rice 2000), usually receives less 

attention in experimental studies.  In order to incorporate all of the above three 

factors for earthquakes and obtain in-situ full-field stress state information, we 

adopted the following 2-D dynamic photoelastic model.  

 

1.2.1 Photoelastic Fault Model 

As shown in Figure1.1, the crust is simulated by a photoelastic plate with a 

thickness of 9.5 mm (3/8") and 150 mm × 150 mm (6" × 6") in 2-D plane 

dimensions.  The plate is cut into two identical quadrilaterals, the two 

quadrilaterals are then put together, and the frictional interface is used to simulate 

a fault. The angle of the fault line to the horizontal will be denoted α while the 

uniaxial pressure acting at the top and the bottom ends of the sample will be 

denoted by P.  Then the resolved shear traction τ and the normal traction σ along 

the fault can be expressed in terms of angle α and pressure P as: 

 
2τ=Psinαcosα, σ=Pcos α                                                 (1.1) 

 

To make the connection with geophysics terminology, a dimensionless factor s, 

which  is usually used by seismologists to describe the loading along faults with 

respect to the strength of the fault (Scholz 2002) is introduced here.  By using the 
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slip weakening frictional model (Palmer and Rice 1973) as in Figure 1.1c, and by 

denoting the maximum strength of the fault by  and the final strength of the 

fault by τ , this loading factor s is defined by s=( . 

yτ

τ -f y fτ)/(τ-τ )

6"

6"

α

(A)   (B) 

(C) 

Figure 1.1 Laboratory fault model (A) and the loading fixture 
inside a hydraulic press (B) (the electronic leads and cables are 
for exploding wire technique discussed below). (C) Slip 
weakening frictional law. 
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In this laboratory fault model, is the static friction and  is the dynamic 

friction.  Denoting the static and dynamic coefficients of frictions by µ  and µ  

respectively and by using Equation (1.1), we can express the loading factor s 

corresponding to the geometry of our experiment in terms of α by: 

yτ fτ
s d

 
ss=[µ cosα-sinα] [sinα-µ cosα]d                                        (1.2) 

 
It is obvious from Equation (1.2) that we can control s and through it the 

earthquake rupturing process by varying the fault angle α for given frictional 

properties of the fault in our experiments.  The magnitude of the uniaxial 

pressure P controls the total amount of deformation and total slip.  

 

Figure 1.2 Laboratory fault model with confinement. 

We are also capable of applying confinement to the specimen to achieve a 

pseudo-biaxial stress state.  As shown in Figure 1.2, we put two stripes (material 

2) of the same thickness and length as the specimen (material 1) on both sides of 
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the specimen.  The width of the stripe is l1 and the half width of the specimen is 

l2.  The stripe can expand freely in the y direction if we neglect the friction. 

 

The stress-strain relation a for 2-D isotropic solid under plane stress infinitesimal 

deformation is: 

 

xx xx yy

yy yy xx

xy xy

1ε = (σ -νσ )
E
1ε = (σ -νσ )
E
1ε = σ

2G










                                                      (1.3) 

where E is the Young’s modulus, G is the shear modulus, and ν is the Poisson’s 

ratio. 

 

For rigid confinement (i.e., material 2 is much stiffer than material 1, hence 

material 1 can not deform in the x direction), .  Using (1.3) and , we 

get: 

xxε =0 yyσ =P

 

xxσ = Pν                                                          (1.4) 

 

For general confinement, we apply Equation (1.3) to both material 1 and material 

2:  

 

1 1
xx xx 1 yy

1

2 2
xx xx 2 yy

2

1ε = (σ -ν σ )
E
1ε = (σ -ν σ )
E







1

2
                                                      (1.5) 
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If the displacement of the stripe along the x direction is denoted by ∆ , the 

strains are given by 

x

2 1
xx xx

2 1

∆x ∆xε = , ε =-
l l

. 

Noticing that σ , (1.5) leads to: 1 2 1 2
yy yy xx xx xx=P, σ =0, σ σ σ= =

 

1
xx xx 1

11

2
xx xx

2 2

1∆xε =- = (σ -ν P)
El

∆x 1ε = = σ
l E







                                                 (1.6) 

 

Using Equation (1.6), we have 
2
xx 1 1 xx
1
xx 2 2 xx 1

ε l E σ=- =
ε l E σ -ν P

 and eventually: 

 

xxσ =ν P′                                                          (1.7) 
 

where 1νν = ˆÊ/l+1
′ , and . 1 2 1 2

ˆÊ=E /E , l=l /l

 

In the case of rigid confinement,  or l /  holds, Equation 

(1.7) reduces to Equation (1.4). 

1 2Ê=E /E 0→ 2 1l → ∞

In the case of biaxial loading, resulting from confinement, Equation (1.1) and 

(1.2) can be rewritten as: 

 

2

τ=(1- )Psinαcosα
σ= Psin α+Pcos α

ν
ν 2

′
 ′

                                      (1.8) 

and 
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s 2 2

d 2 2
µ ( sin α+cos α)-(1- )sinαcosα
(1- )sinαcosα-µ ( sin α+cos α)

s ν ν
ν ν

′ ′
=

′ ′
                           (1.9) 

 

1.2.2 The Triggering Mechanism 

People have tried to understand the nucleation of earthquakes and indeed, they 

showed that the nucleation can be understood with proper friction relations 

(Dieterich 1992; Lapusta and Rice 2003; Uenishi and Rice 2003).  Unfortunately, 

it is impractical to explore the whole process experimentally and instead, we 

follow the idea of numerics to assume that there are some triggering mechanisms 

for earthquakes.  The triggering can be either a sudden increase of the loading or 

a sudden decrease of the fault strength.  The loading increase case is only possible 

for a dynamic triggering situation in which an increase of shear stress is provided 

by stress waves caused by a nearby earthquake.  Otherwise, this scenario is 

unlikely to happen since the tectonic loading rate is very slow and can be 

approximated as quasi-static loading.  Hence it is plausible to assume that 

triggering is usually due to the local decrease of the fault strength.  This can be 

done either by the flow of pore-fluid into the fault interstice or local catastrophic 

failure (sudden loss of frictional resistance).  Mathematically, they are equivalent 

to local pressure release and local over-stress respectively.  Both mechanisms 

have been applied in numerical simulations of earthquake rupture dynamics 

(Andrews 1976; Andrews and Ben-Zion 1997; Fukuyama and Madariaga 1998; 

Cochard and Rice 2000; Aagaard, Heaton, et al. 2001).  

 

In our laboratory earthquake model, the triggering mechanism is local pressure 

release, which is achieved by the exploding wire technique shown in Figure 1.3.  

A capacitor (15 µF, up to 3 kv) is charged by a high voltage power supply.  The 

charging time is determined by the resistance of the charging resistor and the 

capacity of the capacitor.  Upon closing the switch, the electric energy stored in 
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the capacitor causes a high current (up to thousands of Amperes) in a thin metal 

wire (buried inside a hole of 0.1 mm in diameter in the interface) for a short 

duration.  The high current turns the metal wire into high pressure, high 

temperature plasma in less than 10 µs.  The expansion of the high temperature, 

high pressure plasma causes a local pressure release.  The adjustable power supply 

can provide electric potential in a wide range (0~5 kv), and different intensities of 

explosion can be obtained easily.  For the metal wire (Nickel wire, ~0.08 mm in 

diameter) that we are using, the threshold voltage to explode a 10 mm long wire 

is about 600 v. 

 

 

Figure 1.3 Schematic drawing of the exploding wire system 

coupled with a photoelastic fault model.  Isochromatic fringes 

due to the explosion are visible. 

 

In order to estimate the pressure due to the plasma explosion, the commonly 

used Grüneisen equation of state (Ahrens 1995) is applied: 

 

0 x x
γ(v)p -p = (E-E )

v
                                                  (1.10) 
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where γ is the Grüneisen parameter (approximately 1.88 for Nickel),  and  

are total pressure and total internal energy,  and  are cold pressure and cold 

internal energy due to mechanical interaction of atoms and are negligible, while v 

is the volume of the material.  The total input energy provided by the capacitor is 

, where C is the capacitance (14.7 µF) and V is the electric potential 

of the capacitor.  For the case V = 1 kv, the total energy is then 7.5 J.  We can 

assume then that the part of energy consumed by the mechanical expansion is of 

the order of 1 J.  Since we know the volume of the wire (~10

0p E

CR

xp xE

2
totalE =CV /2

-4 cm3) and can 

assume an instantaneous explosion, the peak pressure due to explosion can be 

calculated to be 10 GPa using Equation (1.10).  Furthermore,  since  

where R is the resistance of the system (~ 1 Ω, the time of explosion is close to 

the discharge time constant , which is around 10 µs.  This time corresponds to 

a distance L=10 mm traveled by the sound waves in the plastics sample.  The 

average pressure of the explosion is then: 

ct =

ct

 
-2

0p=p (L/a)                                                        (1.11) 

 

where a is the radium of the wire or the hole.  The average pressure due to the 

explosion for 1kv is estimated as 1 MPa at a distance 10 mm away from the hole 

based on equation (1.11).  The pressure will decrease more due to unloading from 

the free surface opened by the explosion and the geometric dispersion effect.  

The pressure due to the explosion is negligible away (10 mm) from the explosion 

site (hole) compared with the static loading level (~10 MPa) in our experiments.   

For this reason, laboratory earthquakes triggered this way can be assumed to be 

spontaneous ruptures. 
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Figure 1.4 Isochromatic fringe patterns for an experiment at two 

time instances. (A. Pattern at 26 µs and B. Pattern at 34 µs). 

 

Real experimental results support the above arguments (Figure 1.4).  In this test, 

two identical rectangular Polycarbonate plates are held together by uniaxial 

vertical compressive force of 3000 lbf, which corresponds to a stress of 10 MPa.  

We set the voltage of the power supply to 1.2 kv and wait for a few minutes to 

charge the capacitor.  Upon the ignition of the explosion, we can identify the P 

wave and S wave fronts in Figure 1.4A and only the S wave front in Figure 1.4B.  

This is because the most energy is carried by the S wave and because 

photoelasticity is mostly sensitive to shear stresses.  Noticing that the diameter of 

the circular marker in the photographs is 1/4", the S wave front in Figure 1.4A is 

about 10 mm away from the explosion center.  Close to the fault, the order of 

fringe within the S wave front is about 1.   

 

Using the photoelastic relation (discussed below), the peak shear stress is found 

to be around 0.35 MPa.  The peak normal traction along the fault within the S 

wave front should be around the same order of magnitude.  As expected, the 

magnitude of the stress has decreased as the waves propagated away from the 
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explosion site (Figure 1.4B).  In our experiments, the far-field static uniaxial 

pressure is of the order of 10 MPa.  Hence, the dynamic slip triggered this way 

can be treated as a spontaneous rupture.  In another words, after initiation, the 

subsequent propagation of the dynamic slip is not controlled by the triggering but 

by the quasi-static initial far-field loading. 

 

Before the explosion, the shear traction along the fault is less than the maximum 

static frictional strength.  After the explosion, the local normal traction along the 

fault is reduced and so is the static frictional strength.  As a result, the applied 

shear traction, which is initially smaller than the static frictional strength and 

unaffected by the isotropic explosion, can be momentarily larger than the reduced 

frictional strength.  The resulting net driving force, defined by the difference 

between the shear traction and the frictional resistance, will drive the slip along 

the interface.  Furthermore, the slip will reduce the coefficient of friction as 

described by either the slip-weakening, or the slip-rate-weakening, or the state 

and rate dependent friction law; in other words, the friction changes from static 

friction to dynamic frictional strength.  If the original shear traction is larger than 

the dynamic friction, the slip will continue to propagate away from the explosion 

site (corresponding to the hypocenter of an earthquake) where normal traction 

reduction due to the explosion is not important any more.  In this way a 

spontaneous rupture or a laboratory earthquake is triggered. 

 

1.2.3 Diagnostics 

The diagnostic method used is dynamic photoelasticity.  This technique is a 

classical method to measure the stress state in transparent, birefringent solids 

(Dally and Riley 1991).  Two photoelastic materials, namely Homalite-100 and 

Polycarbonate are used in this investigation.  Relevant properties of several 

photoelastic materials are listed in Table 1.1  
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Table 1.1 Summary of optical and mechanical properties of photoelastic materials 

Material Property Homalite 100 Polycarbonate Epoxy 

Young’s  Modulus E (MPa) 3860 2480 3275 
Poisson’s Ratio ν 0.35 0.38 0.36 

Stress fringe value (kN/m) σf 23.6 7.0 11.2 

Yielding Stress σY (MPa) 48.3 34.5 55.2 
P Wave Speed CP (km/s) 2.498 2.182 2.548 
S Wave Speed CS (km/s) 1.200 0.960 1.136 
Density ρ (kg/m3) 1230 1129 1200 

 

The stress fringe values are for green light at a wave length 525 nm.  The static 

elastic properties listed in Table 1.1 are from reference (Dally and Riley 1991), 

and the dynamic elastic properties (wave speeds) were measured using 5 MHz 

ultrasonic transducers.  

 

A typical set-up of dynamic photoelasticity is shown in Figure 1.5.  A polarized 

laser provides a high intensity beam continuously at a power level of a few watts.  

The beam is then expanded by a collimator to a size of 100 mm or 130 mm in 

diameter.  The large beam goes through the combination of circular polarizers 

and the transparent photoelastic specimen, and it is arranged so that an 

isochromatic fringe pattern is obtained and focused into the camera.  The 

isochromatic fringe pattern obtained from the two-dimensional photoelastic 

model gives fringes along which the in-plane principle stress difference σ  is 

equal to a constant.  When the fringe order N is known, the in-plane principle–

stress difference can be computed as follows: 

1 2-σ

 

1 2 σσ -σ =Nf /h                                                 (1.12) 
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where h is the thickness of the modal material.  The high speed camera (Cordin 

220) used can take pictures at speeds up to 108 frames/sec.  In most experiments 

an inter-frame time of 2-3 µs was used. 

 

 

Figure 1.5 The set-up of dynamic photoelasticity combined with 

dynamic photograghy for laboratory earthquake studies. 

 

1.3 Preliminary Results 

A laboratory earthquake photograph taken 28  after the triggering is shown in 

Figure 1.6.  In this case, the fault inclination angle was α=25º and the vertical 

pressure P=7 MPa, with the confining pressure in the horizontal direction at 

about 3 MPa.  The material was Polycarbonate.  The figure reveals a rupture 

propagating bilaterally (two rupture tips) along the fault, indicated by a dashed 

line.  Each rupture-tip is characterized by a concentration of fringes and is 

µs
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indicated in the figure by an arrow.  The ruptures are seen following the circular 

shear wave front, and the rupture velocity V is close to the Rayleigh wave speed 

CR of the material, as determined from the rupture-tip history.  

 

 

Figure 1.6 A typical isochromatic fringe pattern obtained from 
the earthquake experiments using Polycarbonate sample.  We can 
see that there are two more stress concentration points close to 
the hypocenter, which are due to the injected metal powders 
produced by the explosion. 

 

In Figure 1.7, two isochromatic fringe patterns are shown for an earthquake 

experiment along a fault with a finite core (1/8").  A fault system is usually 

composed of stiffer country rocks and a compliant fault core composed of 

damaged rocks (Ben-Zion and Sammis 2003).  Again, the specimen is under far-

field uniaxial compression and the fault is orientated at an angle α=20º, with the 

horizontal direction and far-field loading P=13 MPa.  The host country rocks are 

simulated using Homalite-100 (stiffer) while the fault core is simulated using 
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Polycarbonate (softer).  There are two contact interfaces in this case; we trigger 

the earthquake faulting in one of the interfaces (upper one).  Two ruptures are 

observed propagating bilaterally at a speed slower than both of the material’s 

shear wave speeds along the fault interface.  The detail of the experiments on this 

type of geometry will be discussed in Chapter 4. 

 

Figure 1.7 Two photographs obtained in a laboratory 

earthquake experiment for a fault with a finite core at two time 

instances. (A. Pattern at 32µs and B. Pattern at 44 µs). 

 

In Figure 1.8, the inclination angle of fault α=25º and the uniaxial pressure 

P=11.5 MPa.  We used Homalite-100 as the model material.  A rupture-tip is 

shown propagating to the west along the fault, emitting two Mach wave fronts.  

The rupture velocity is faster than the shear wave speed CS of the material and 

close to the longitudinal wave speed CP.  This rupture velocity is determined from 

both the rupture-tip history and the Mach cone angle δ (between the Mach cone 

front and the fault) by using the simple relation .  Detailed 

discussions of the attainability and conditions of supershear earthquake ruptures 

SV/C =1/sinδ
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are in Chapter 2.  The results described in Figures 1.6-1.8 are only indicative of 

the wide spectrum of behaviors that will be described in the following chapters. 

 

 

Figure 1.8 Isochromatic pattern shows a supershear rupture 
obtained in the laboratory earthquake experiment.  

 

1.4 Conclusions and Discussions 

In conclusion, we have designed an experimental set-up to simulate earthquake 

ruptures in the laboratory. Combined with high-speed in situ full-field 

diagnostics, we are able to obtain accurate measurements of the faulting process, 

especially the rupture velocities.  The set-up is quite flexible.  The examples 

shown demonstrate that this experimental design can be used successfully to 

address general questions in earthquake dynamics studies. 
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With slight modifications, we can study the effects of the geometry of the fault 

plane on earthquake rupturing; we can address the effect of the inhomogeneity of 

fault strength on earthquake rupturing, and we are able to investigate the mode of 

earthquake rupturing (i.e., crack mode or pulse mode).  This is the first time that 

spontaneous rupture events simulating natural earthquakes have materialized in a 

highly controlled laboratory environment. 
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C h a p t e r  2  

Earthquake Rupturing along Faults Separating Similar Materials: SubRayleigh, 
Supershear, and SubRayleigh-To-Supershear Transition 

In this chapter, we concentrate on the earthquake rupturing problem featuring 

the simplest possible geometry.  In this case the earthquake ruptures occur along 

faults separating identical materials (homogeneous faults).  Homalite-100 is the 

photoelastic material of choice.  This material is well approximated by linear 

elasticity, it is birefringent, and it has a fairly high stress fringe value.  Hence it can 

be used to detect the transient stress field during earthquake rupturing. 

 

Specifically, we will address the question of possible rupture velocities occurring 

under earthquake type loading conditions.  Based on seismic observations, it is 

believed that the rupture velocity of crustal earthquakes is close to the Rayleigh 

wave speed, CR, of crustal rock.  However, in a few cases supershear (speed faster 

than the shear wave speed, CS, of the rock) ruptures have been suggested for 

earthquakes.  Another related question is that involving the mechanism of 

reaching supershear speed.  Indeed, if we accept the possibility of supershear 

speeds for earthquake ruptures, how would a rupture transition from a 

subRayleigh to a supershear speed?  Could such rupture be perhaps born 

supershear? 

  

Having these two questions in mind and using the experimental set-up described 

in detail in Chapter 1, we conducted around 50 experiments involving the 

homogeneous fault configurations.  In this chapter we present the experimental 

discovery of the phenomenon of supershear rupture and the visualization of the 
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mechanism of subRayleigh to supershear transition of laboratory earthquake 

ruptures.  We also probe the parameter space governing the physics of the 

subRayleigh to supershear transition of dynamic ruptures along incoherent 

(frictional) interfaces. 

 

2.1 Introduction 

The great Ms 8.1 (Mw 7.8) central Kunlunshan earthquake that occurred in Tibet 

on November 14, 2001, is an extraordinary event from the point of view of both 

earthquake dynamics and dynamic rupture mechanics.  The rupture occurred 

over a very long, near-vertical, strike-slip fault segment of the active Kunlunshan 

fault and featured an exceptionally long (400 km) surface rupture zone and large 

surface slip (Lin, Fu, et al. 2002).  In the August 8, 2003 issue of Science, 

Bouchon and Vallee (Bouchon and Vallee 2003) took advantage of the unusual 

length of the event and used both seismic waves and geologically observed total 

slip distribution to infer the rupture velocity history.  Although it may not be 

unique, their modeling suggests speeds that are close to the Rayleigh wave speed, 

CR, for the first 100 km of rupture growth, transitioning to a supershear speed for 

the remaining 300 km of propagation. 

 

Recently, several other seismological reports also pointing to the possibility of 

supershear ruptures.  Such events include the 1979 Imperial Valley earthquake 

(Archuleta 1984; Spudich and Cranswick 1984), the 1992 Landers earthquake 

(Olsen, Madariaga, et al. 1997), and most recently the 2002 Denali earthquake in 

Alaska (Ellsworth, Çlebi, et al. 2004).  The 1999 Izmit earthquake in Turkey 

(Bouchon, Bouin, et al. 2001) is another event featuring a long segment of 

supershear rupturing.  It should be noted here that for all of those examples 

mentioned above, the supershear ruptures happened only on short patches along 

the whole rupture length and the results are not conclusive.  Bouchon and 

 



 36

Vallee’s work is the most recent of a series of papers reporting supershear rupture 

growth occurring during large earthquake events; moreover it presents the first 

seismological evidence for transition from subRayleigh to supershear.  In this 

respect it will be shown to be highly relevant to the experiments discussed in this 

chapter. 

 

The question of whether earthquake ruptures propagate at supershear speeds is 

still a subject of active debate within the seismological community.  This is 

because of the often insufficient field data as well as the limited resolution and 

non-uniqueness of the inversion process.  A widespread view in seismology 

speaks of crustal earthquake ruptures mainly propagating at subRayleigh speeds 

between 0.75 and 0.95 CR (Kanamori 1994).  However, the multiplicity of 

independently collected evidence warrants further investigations of the mechanics 

of supershear rupture propagation.  Whether and how supershear rupture occurs 

during earthquakes has an important implication for seismic hazard because the 

rupture velocity has a profound influence on the character of near-field ground 

motions (Aagaard and Heaton 2004). 

 

The main goal of this chapter is to report on highly instrumented experiments 

that mimic the earthquake rupture process and to examine the physical 

plausibility and conditions under which supershear ruptures can be generated in a 

controlled laboratory environment.  We study spontaneously nucleated dynamic 

rupture events in incoherent, frictional interfaces held together by the application 

of far-field tectonic loads.  Thus we depart from the body of experimental work 

that addresses the dynamic shear fracture of coherent interfaces of some intrinsic 

strength, which are loaded by the application of dynamic, stress wave induced 

loading (Lambros and Rosakis 1995; Rosakis, Samudrala, et al. 1999; Coker and 
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Rosakis 2001; Rosakis 2002).  A spontaneous rupture is commonly believed to be 

the closest physical model of an earthquake rupture. 

 

Classical dynamic fracture theories of growing shear cracks have many similarities 

to the earthquake rupture processes (Freund 1990; Broberg 1999).  Such theories 

treat the rupture front as a distinct point (sharp tip crack) of stress singularity.  

These conditions are close to reality in cases that feature coherent interfaces of 

finite intrinsic strength and toughness.  The singular approach ultimately predicts 

that dynamic shear fracture is allowed to propagate either at a subRayleigh wave 

speed or at only one supershear speed, which is 2  times the shear wave speed.  

As a result, it excludes the possibility of a smooth transition of a steady-state 

rupture from subRayleigh to supershear speed for a steady-state rupture. 

 

The introduction of a distributed rupture process zone has allowed fracture 

mechanics to better approximate the conditions that exist during real earthquake 

events (Ida 1972; Palmer and Rice 1973).  Based on this so-called cohesive zone 

fracture mode, there is a forbidden speed range between CR, the Rayleigh wave 

speed, and CS, the shear wave speed (Burridge, Conn, et al. 1979; Samudrala, 

Huang, et al. 2002; Samudrala, Huang, et al. 2002).  In the subRayleigh speed 

range all speeds are admissible, but only the Rayleigh wave speed is a stable 

speed; in the supershear speed range all speeds are admissible, but only speeds 

larger than 2 CS are stable.  Ruptures with unstable speeds will accelerate to a 

stable speed as determined by loading conditions.  The theoretical results of the 

cohesive zone rupture model ultimately predict that earthquake ruptures can 

propagate either at Rayleigh wave speed or supershear speeds larger than 2 CS. 

 

Early theoretical results by Burridge (Burridge 1973; Burridge, Conn, et al. 1979), 

along with numerical results by Andrews (Andrews 1976) and Das and Aki (Das 
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and Aki 1977) have predicted the possibility of supershear rupture and have 

alluded to a mechanism (Rosakis 2002) for transition from the subRayleigh to the 

supershear rupture velocity regime.  According to the two-dimensional Burridge-

Andrews mechanism, a shear rupture accelerates to a speed very close to CR soon 

after its initiation.  A peak in shear stress is found sitting at the shear wave front 

and is observed to increase its magnitude as the main rupture velocity approaches 

CR.  At that point, the shear stress peak may become strong enough to promote 

the nucleation of a secondary micro-rupture whose leading edge propagates at a 

supershear speed.  Shortly thereafter, the two ruptures join up and the 

combination propagates at a speed close to CP.  It is interesting that this transition 

was also clearly visualized by recent two-dimensional, atomistic calculations of 

shear rupture in the micro-scale, which provided an impressive demonstration of 

the length scale persistence of this subRayleigh to supershear rupture transition 

mechanism (Abraham and Gao 2000).  The Burridge-Andrews mechanism is also 

known as the mother-daughter mechanism in mechanics literature. 

 

For mixed-mode (tensile and shear) ruptures, a different transition model has also 

been suggested (Geubelle and Kubair 2001; Kubair, Geubelle, et al. 2002; Kubair, 

Geubelle, et al. 2003).  Based on numerical simulation, Geubelle and Kubair 

suggest that a mix-mode rupture can speed up and cross the forbidden speed 

range between CR and CS continuously.  Finally, recent numerical investigations 

of frictional rupture have identified alternate, asperity based, mechanisms that 

provide a three-dimensional rationalization of such a transition (Day 1982; 

Madariaga and Olsen 2000; Dunham, Favreau, et al. 2003).  In this case, 3-D 

effects play an important role in the transition.  The rupture front focusing effect 

provides extra driving to speed up the spontaneous rupture. 
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The experimental confirmation of the possibility of supershear (intersonic) 

fracture followed many years after the first theoretical predictions.  Indeed, a long 

series of experiments summarized by Rosakis (Rosakis 2002) showed that 

intersonic crack growth in constitutively homogenous systems featuring coherent 

interfaces (interfaces with inherent strength) is possible and may also occur in 

various combinations of bimaterial systems.  However, in all of the various cases 

discussed by Rosakis (Rosakis 2002), the cracks were nucleated directly into the 

intersonic regime and there was no observation of a transition from subRayleigh 

to supershear speeds.  This was due to the nature of the impact induced stress 

wave loading without pre-existing static loading and the nature of the relatively 

strong coherence of the interface (provided by glue).  The major differences 

between the conditions during earthquake rupture and those fracture experiments 

have left questions regarding the plausibility of spontaneously generated 

intersonic rupture in frictionally held, incoherent interfaces unanswered.  In 

addition, earlier laboratory earthquake experiments (Dieterich 1972; Scholz, 

Molnar, et al. 1972; Brune 1973; Johnson and Scholz 1976; Okubo and Dieterich 

1984) dating back to the ‘70s, which simulated spontaneous rupture in the 

laboratory, have lacked the spatial and temporal resolution to produce conclusive 

proof of supershear rupture growth and to investigate the issue of rupture 

velocity transition. 

 

2.2 Experimental Design 

In order to address the above questions, we designed an experimental 

configuration whose purpose is to simulate earthquake rupture in the laboratory. 

The exploding wire triggering mechanism shown in Figure 2.1C is inspired by the 

numerical work of Andrews and Ben-Zion (Andrews and Ben-Zion 1997) and 

Cochard and Rice (Cochard and Rice 2000).  They have used a localized pressure 

release to trigger rupture in their numerical simulations.  Experimentally, it is also 
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a very convenient way of triggering the system’s full-field, high-speed diagnostics 

(a digital high-speed camera capable of 108 frames/sec and a photoelastic set-up 

Figure 2.1A) that would otherwise have a very hard time capturing an event 

whose total duration is of the order of 50 µs. 

 

 

 

Figure 2.1 The fault system is simulated by using two Homalite-
100 plates (shear modulus G =1.4 GPa, Poisson's ration ν=0.34, 
density ρ =1200 kg/m3) held together by friction.  The far-field 
tectonic loading is simulated by uniaxial compression exerted at 
the top and bottom of the system by means of a hydraulic press 
(B).  The earthquake ruptures are triggered by an exploding wire 
technique (C).  
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The interface, or fault, is inclined at an angle α to the horizontal promoting 

strike-slip rupture events.  Variations in α are used to vary the level of driving 

force (resolved shear stress minus dynamic frictional strength) experienced for 

the rupture after nucleation.  As described in chapter 1, a unique aspect of the 

experimental design is related to the choice of the rupture triggering mechanism, 

which has not been addressed by previous laboratory earthquake experiments.  

The dynamic rupture is nucleated at the center of the simulated fault by 

producing a local pressure pulse in a small area of the interface (Figure 2.1C).  A 

thin wire of 0.1 mm in diameter is inserted in a small hole of approximately the 

same diameter.  An electronic capacitor is then discharged turning the metal into 

an expanding plasma wave, which triggers the spontaneous rupture.  Details of 

the triggering process can be found in Chapter 1.  It is the first time that such a 

controlled laboratory earthquake rupture has triggered and recorded. 

 

2.3 Experimental Results 

A number of experiments featuring a range of inclination angles α and far-field 

pressure P were performed, and in each of them the rupture process history was 

visualized in intervals of 2 µs.  Depending on these two experimental variables, 

rupture velocities that are either purely subRayleigh or purely intersonic within 

the field of view (100 mm) were observed.  The rupture events visualized 

corresponded to symmetric bilateral slip.  By carefully controlling the angle α and 

the loading, the subRayleigh to supershear transition was also captured and the 

dependence of the transition length on these parameters was investigated.  

 

2.3.1 Purely SubRayleigh and Supershear Earthquake Ruptures 

In this section, results of purely subRayleigh and supershear ruptures will be 

shown.  The physics governing the speed regimes will be examined later. 
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In Figure 2.2, we show two experiments featuring subRayleigh speed ruptures.  In 

all the photographs, we can see clearly the circular shear wave front emitted from 

the simulated hypocenter.  Rupture tips, characterized by the stress concentration 

(singular points in the photographs), are identified just behind the shear wave 

front.  From the rupture length history, we are able to estimate the rupture 

velocity.  In these two cases, the rupture velocities are very close to the Rayleigh 

wave speed of the material. 

 

 

Figure 2.2 Earthquake experimental results of purely 
subRayleigh cases.  A and B are from one experiment with a 
pressure of P=13 MPa and angle α=20° at the time instants of 
28 µs and 38 µs respectively.  C and D are from one experiment 
with a pressure of P=7 MPa and angle α=25° at the time instants 
of 28 µs and 38 µs respectively.  For A and B, we can also 
identify two mode-I cracked in the lower half of the sample 
caused by the explosion itself.  We expect that the effect of these 
cracks is localized. 
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From our experiments with lower inclination angles α and lower magnitude of 

uniaxial compression pressure P, we observed exactly the same features.  This 

observation is consistent with the field observation of earthquake rupture 

velocities in general.  As we have discussed earlier, in the subRayleigh speed range 

the only stable rupture velocity is the Rayleigh wave speed according to the 

cohesive zone model, and it is conformed to here in our experiments. 

 

An interesting observation is that the rupture velocity is always the Rayleigh wave 

speed of the material.  As mentioned, subshear or subRayleigh crustal earthquake 

ruptures are often observed to propagate at speeds between 0.75 and 0.95 CR 

(Kanamori 1994).  This discrepancy can be explained by considering the balance 

between the energy available to drive the rupture and the mode of rupture.  In 

our case, the length of the rupture, l, increases continuously and hence the stress 

intensity factor K, which is proportional to l  for a given rupture velocity also 

increases.  As a result, the energy available to drive the rupture, which is 

proportional to l for a given rupture velocity, also increases.  Under the 

theoretical framework of slip-weakening friction law, the resistance due to 

friction is constant.  Hence the rupture will speed up to a stable speed.  The only 

stable speed in the subRayleigh speed range is the Rayleigh wave speed (Burridge, 

Conn, et al. 1979; Samudrala, Huang, et al. 2002) and that is exactly the speed 

observed in our experiments.   In the case of a real earthquake, due to the finite 

dimension of the fault, the inhomogeneous nature of the fault strength, and the 

special friction constitutive behavior, the rupture is often of a fixed length, i.e., it 

is pulse-like in rupture mode (Heaton 1990).  As a result, the energy available to 

drive the rupture, which is proportional to the crack length for a given rupture 

velocity, is also constant.  Because the resistance of the fault is nearly constant, by 

equaling the average resistance to the rupture energy release rate, we are able to 

determine the rupture velocity (Freund 1990).  The rupture velocity can be any 
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value smaller than the Rayleigh wave speed in this case, depending on the value 

of the resistance and the length of the rupture.  This phenomenon was observed 

in a recent numerical simulation (Dunham and Archuleta 2004). 

 

In Figure 2.3, the inclination angle was kept at 25° while the pressure was 

increased to 15 MPa.  For comparison purposes, the same time instants (28 µs 

and 38 µs after nucleation) are displayed. 

 

Figure 2.3 Earthquake experimental results of purely supershear 
case.  A and B are from one experiment with the pressure of 
P=13 MPa and angle α=25° at the time instants of 28 µs and 38 
µs respectively. 

 

In this case, the circular traces of the shear wave are also visible and are at the 

same corresponding locations as in Figure 2.2.  However, in front of this circle 

supershear disturbances (propagating to the left, marked in the photograph as the 

“Rupture-tip” and featuring a clearly visible Mach cone) are shown.  The 

formation of the Mach cone is due to the fact that the rupture is propagating 

faster than the shear wave speed of the material.  For this case, the sequence of 

images, other than those at 28 µs and 38 µs, have a very similar form and reveal a 

disturbance that was nucleated as supershear.  The speed history  is v(t)
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determined independently by either differentiating the rupture length history 

record or by measuring the inclination angle, δ, of the shear shocks with respect 

to the fault plane, and using the relation .  The speed was found to be 

almost constant and very close to the plane stress P wave speed C

Sv=C /sinδ

P of the 

material.  This is the first experimental report of the supershear of a spontaneous 

shear rupture, to our knowledge.  The supershear rupture initiated right after the 

triggering of the earthquake rupture.  This is determined from the fact that the 

Mach cones are nearly tangential to the shear wave front. 

 

In previous experiments involving strong, coherent (inherently strong) interfaces 

and stress wave loading, stable rupture velocities near 2 CS were observed 

(Rosakis, Samudrala, et al. 1999).  This apparent discrepancy can be explained by 

referring to the rupture velocity dependence on the available energy per unit 

crack advance within the supershear regime (Samudrala, Huang, et al. 2002).  This 

energy attains a maximum value at speeds closer to 2 CS for strong interfaces 

with a given loading.  For weaker interfaces, this maximum moves towards CP.  

In our situation, the interface is weak and the driving force (resolved shear minus 

dynamic friction force) is relatively large and constant.  Hence, a rupture velocity 

close to CP is expected. 
 

From our above mentioned experimental results, we can see that the attainable 

rupture velocities depend on both the inclination angle α and the magnitude of 

uniaxial compression P.  Larger angle and higher compression magnitude favors 

higher rupture velocity. 

 

 



 46

2.3.2 The Experimental Visualization of the SubRayleigh to Supershear 

Earthquake Rupture Transition 

 

 

Figure 2.4 Visualization of the subRayleigh to supershear 
rupture transition. 

As discussed earlier, we are interested in investigating how the supershear rupture 

is nucleated experimentally.  For the experimental cases described in the above 

section, the supershear was nucleated immediately after triggering.  Since the 

rupture velocity is controlled by both the inclination angle α and the magnitude 

of uniaxial compression P, it is possible for us to vary both of them carefully to 

suppress or perhaps delay the appearance of supershear rupture.  Specifically, we 
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fix the inclination angle α at 25° and decrease P in order to induce and capture 

the nucleation process of a supershear rupture.  

 

Figure 2.4A-C corresponds to a case with an intermediate far-field pressure 

compared to the ones displayed in Figure 2.2C-D and Figure 2.3.  Here, the angle 

is kept the same (25°) and the pressure is decreased to 9 MPa in an attempt to 

visualize a transition within our field of view (100 mm).  Three different time 

instances of the same rupture event are displayed.  In Figure 2.4A, the circular 

traces of both P and S waves are visible, followed by a rupture propagating at CR.  

In Figure 2.4B, a small secondary rupture appears in front of the main rupture 

and propagates slightly ahead of the S wave front.  In Figure 2.4C, the two 

ruptures coalesce and the leading edge of the resulting rupture grows at a speed 

of 1970 m/s which is very close to CP.  Figure 2.4D displays the length vs. time 

of the two ruptures, in which the length scale is directly read from the pictures 

with the aid of a 1/4" marker in the picture.  We compared the slopes to the 

characteristic wave speeds of the material before and after their coalescence.  We 

also show a magnified view of the secondary rupture as it nucleates in front of 

the main rupture; both ruptures are indicated by arrows.  The transition length L 

for this case is approximately 20 mm.  

 

Table 2.1 Experimental Results of Transition Length 

Test # Angle Pressure (MPa)
Transition 

Length L (mm)
1 25° 9.0 23.2 
2 25° 9.1 19.0 

3 25° 11.0 17.0 

4 25° 12.4 12.1 
5 25° 15.0 8.0 
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In Table 2.1, we list the experiments featuring supershear transition.  Test #2 

corresponds to the experiment shown in Figure 2.4, in which case the transition 

length L can be determined easily.  Test #5 corresponds to the experiment 

shown in Figure 2.3, in which case an indirect method is needed to estimate the 

transition length.   This method is described below. 

 

As shown in Figure 2.5, at time T0, the supershear rupture is nucleated at the 

intersection of the shear wave front and the fault line (point A).  If the transition 

length L=OA  is very small, our spatial resolution may not be good enough to 

measure it accurately.  Alternatively a photograph may not have been taken at 

that instant.  Assuming that we can measure the shear wave position and 

supershear rupture tip position at a later time instance T1, denoted by B and C 

respectively, the transition length can be inferred by pure geometry.  To do so we 

observe that relations s 0 s 1=C T , OB=C TOA , and 1 0OC=v(T T )−

C

 hold provided 

that the supershear rupture tip also grows at a constant speed V> .   S

 

 

Figure 2.5 Method of estimation transition length L (OA ). 
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By simple manipulation, we have 
S

OC v
0 1COB = (1 T /T− ) , which leads to 

SC OC
0 v OBT =(1- )T1 .  By multiplying both sides of the last relation by C , we get S

S SC COC OC
S 0 S 1v vOB OBL=OA=C T =(1- )C T (1- )OB= .  Thus, in this relation we are able 

to estimate the supershear rupture transition length L even if we have not taken 

any pictures at or before the time instance of the transition.  Several results listed 

in Table 2.1 were obtained using this method.  The only assumption is the near 

constancy of v.  The validity of this assumption has been experimentally verified. 

 

2.4 Theoretical Model for the SubRayleigh to Supershear Transition 

The above physical picture is comparable with the Burridge-Andrews 

mechanisms already described in the introduction.  Andrews (Andrews 1976; 

Andrews 1985) quantified this transition in a parameter space spanned by a 

normalized supershear transition length  and the non-dimensional driving 

stress parameter s [

cL/L

y(τ -τ) (τ-τ )fs= ] (described in chapter 1).  The parameters , 

, and  are the resolved shear stress on the fault, the static frictional strength, 

and the dynamic strength of the fault respectively; they describe the linear slip-

weakening frictional law (Ida 1972; Palmer and Rice 1973) used in Andrews' 

computations.  

τ
yτ fτ

 

2.4.1 Uniaxial Loading Condition 

We used uniaxial loading in the experiments described in this chapter.  With 

respect to this loading condition and the geometry of our experiment, s (see 

Equation 1.2) can be expressed as: s d(µ cosα-sinα) (sinα-µ cosα)

cL=L f(s)

s= , where  

and  are the static and dynamic friction coefficients respectively.  The 

Andrews' result can be symbolically written as .  The function  has 

been given numerically by Andrews as an increasing function of s, and can be 

sµ
dµ

f(s)
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well approximated by the equation f(s .  The normalizing length 

 is the critical length for unstable rupture nucleation and is proportional to the 

rigidity G and to , which is defined as the critical or breakdown slip of the slip 

weakening model.  L

-3)=9.8(1.77-s)

cL

0d

C can then be expressed as: 

y f

0f 2
-τ ) Gd

)

[ (s d d 2-µ )/(tanα-µ ) d

s

s) (

s tan

 

c
1+ν (τL =
π (τ-τ

                                                   (2.1)  

 

By applying the above results to our configuration and by assuming Equation 1.1, 

the transition length L is found to be inversely proportional to the applied 

uniaxial pressure P and to be governed by the following general functional form:  

 

] )0L=f( 1+ν)/π G (µ /P                           (2.2)  

 

In Figure 2.6 we display the dependence of the transition length L on pressure 

from a set of experiments corresponding to the same inclination angle of 25° 

(s=0.5) and identical surface finish (roughness is about 17 µm).  The static 

frictional coefficient was measured to be µ =0.6 using the traditional inclined 

plane method.  In this method, we put one block on top of an inclined plane and 

increase the inclination angle until the block slides.  This way we can measure the 

critical inclination angle ψc.  The static coefficient of friction is determined from 

the relation µ = .  To estimate the dynamic frictional coefficient, we 

increased α from 10° to a critical angle α

-1
cψ

c at which slip was initiated under the 

action of far-field loads and dynamic triggering.  We assumed that the shear 

traction is approximately equal to the dynamic friction at this critical angle αc.  

This angle was found to be between 10° and 15° and from which we estimated 
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the coefficient of dynamic friction to be .  Using =0.6 and µ =0.2, 

we can compare our experiment to Andrews’ theory as shown in Figure 2.6.  

Although the theory qualitatively captures the decreasing trends of the 

experiments, the data exhibits a dependence on pressure that is visibly stronger 

than . 

dµ =0.2 sµ d

-1P

 

 

Figure 2.6 Transition length as a function of the far-field load. 

 

A natural way to modify Andrews’ results and to introduce some micro-contact 

physics into the pressure dependence of L is to consider the effect of pressure on 

the critical breakdown slip .  As pointed out by Ohnaka, based on friction 

experiments on rocks, there exists a linear relation between a characteristic 

surface length (half-distance between contacting asperities, denoted as D in this 

case) and the critical slip distance  as (Ohnaka 2003): 

0d

0d

  
y f f M

0d =c[(τ -τ )/τ ] D                                           (2.3) 
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where c and M are constants.  In addition, D depends on the normal stress, σ, 

applied on the fault (which is  in this case). 2σ=Pcos α

 

2a0

2D

2D*

2a0
2D

 

Figure 2.7 Schematic drawing of the micro-contact based 
frictional model.   The top figure is the side view of the contact 
and the bottom figure is the top view.  As the normal force 
increases, the number of contacts, n, increases. 

 

As shown in Figure 2.7, a classical plastic contact model is used to establish this 

dependence. In this model the average radius of n contacting asperities is a  

(assumed as a constant in this model).  As the pressure over a macroscopic 

contact area A (= ) is increased, the number of contacts, n, as well as the 

real contact area A

0

2nπD

πr (= n ), also increases.   2
0a

 

By defining the hardness H as the ratio of the total normal force N to the real 

contact area Ar (Bowden and Tabor 1986), N can be expressed as:  
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2

r 0N=HA =Hnπa =σA=APcos α2                                         (2.4) 

 

Substitution of A and Ar in terms of D and a  gives 0
-1/2

0D= Ha cosαP

L~P

.  Using 

the linear relation between D and , the breakdown slip is further found to 

depend on the pressure as d ~ .  By substituting the above relations into the 

expression relating L and , discussed above, a modified expression of 

transition length to pressure that features a stronger dependence ( ) on 

pressure emerges.  As shown in Figure 2.6, this modified relation agrees well with 

the experimental data presented in this paper for appropriate choices of the 

parameters of the micromechanics contact model.  The explicit form of the 

functional relation between the transition length and the problem parameters is 

given as follows: 

0d

-1/2
0 P

0d /P

-3/2

 
3s d s d -M 2

0d 2 s

1+ν µ -µ µ -µL=f(s) G 2c( ) Ha P cos α
π [sinα-µ cosα] µ

-1                      (2.5)  

 

In Figure 2.8, we applied the Equation (2.5).  We take H=240 MPa (it is about 

three times the compression yielding strength of the material), and the micro-

contact radius a0 are chosen to vary.  The best-fit gives the estimation of a0 as 1.8 

µm, which is a reasonable value as compared with the surface roughness. 
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Figure 2.8 The dependence of nucleation length on P in terms 
of the size of micro-contact radius a0 using Equation (2.5). 

 

2.4.2 Biaxial Loading Condition 

In the earth’s crust where natural earthquakes occur, the stress state is always 

two-dimensional if we assume again that the plane stress state prevails.  The 

stress state can be defined by two principle stresses that are compressive in 

nature.  Let the maximum and minimum tectonic stresses be denoted as  

and   respectively, while the angle between the fault plane and  would 

be  as shown in Figure 2.9. 

1P =P

2P =bP

o=90 -αϕ

1P
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Figure 2.9 The geometry of biaxial loading. 

 
The resolved shear traction τ and the normal traction σ are: 
 

2

τ=(1-b)Psinαcosα
σ=bPsin α+Pcos α





2                                      (2.6) 

 
Substitute (2.6) into (2.1), we have: 
 

s d 2 2

c 0 2d 2 2

1+ν (µ -µ )(cos α+bsin α)L = Gd
π P (1-b)sinαcosα-µ (cos α+bsin α)  

                      (2.7) 

 
The s parameter  is now: ys=(τ -τ)/(τ-τ )f

 
s 2 2

d 2 2
µ (bsin α+cos α)-(1-b)sinαcosα
(1-b)sinαcosα-µ (bsin α+cos α)

s =                                      (2.8) 

 
Hence, the transition length  becomes: L
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s d 2 2

0
c 2d 2 2

1+ν (µ -µ )(cos α+bsin α)L=f[s(α)]*L =f[s(α)] G
π P(1-b)sinαcosα-µ (cos α+bsin α)  

d       (2.9) 

 
Finally, using equation (2.3), we have: 
 

s d 1+M 2 2 1.5
s -M -1.5

02d 2 2

1+ν 2c(µ -µ ) (cos α+bsin α)L=f[s(α)] G (µ ) Ha P
π (1-b)sinαcosα-µ (cos α+bsin α)  

  (2.10) 

 

We can then evaluate L (Equation 2.9) in the ϕ and d  space.  If in particular we 

assume the following parameters: µ = , , , , and 

, the result displayed in Figure 2.10 is obtained.  

0
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Figure 2.10 The transition length as evaluated for biaxial loading. 
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Specifically, by taking  and , we obtained .  This 

result is consistent with the transition length for the Kunlunshan earthquake 

(Bouchon and Vallee 2003).  Unfortunately, in order to obtain predictions of the 

transition length, we need to assume the values of several parameters, which are 

often very difficult to estimate in specific natural earth settings.  However, what is 

encouraging is that the predictions seem reasonable in an order of magnitude 

sense.  This is true for both the laboratory experiments and for the geophysical 

length scale.  In the next section, we will provide another method to estimate the 

transition length corresponding to a real earthquake. 

0d = 0.5 m 45=ϕ L=94 km

 

2.5 Application to Real Earthquakes 

In the above section, we have tried to estimate the transition length for a real 

earthquake under biaxial loading conditions.  Here we will describe another 

scaling method with fewer parameters and in terms of variables more familiar to 

geophysicists. 

 

For seismological applications, we rewrite the general form of Equation (2.2) in 

terms of the effective stress , a commonly used and estimated 

seismological parameter.  Equation (2.2) can be rewritten as: 

eτ =τ-τf

 

                                    (2.11) e
0L=f(s)(1+ν)(1+s)Gd /πτ

 

Application of this equation to both seismic faulting and to laboratory data allows 

us to scale the transition length L from laboratory to seismological conditions.  

The effective stress  in our experiment is chosen to be of the same order as 

that measured in seismology.  The ratio of rigidity of the Earth's crust to 

Homalite is about 25.  We estimate L=20 mm from the experiment described in 

eτ
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Figure2.4 (P=9 MPa and α=25°) from which d =10 µm is obtained using 

Equation (2.2).  The values of d  for large earthquakes are often estimated as 50 

cm to 1 m (Ide and Takeo 1997).  If s is approximately the same under laboratory 

and crustal conditions, the transition length for earthquakes can be estimated to 

be in the range between 25 and 50 km.  Because s can be different and the 

estimate of  for earthquakes is very uncertain at present, this value should be 

taken as an order of magnitude estimate.  Nevertheless, it is of the same order as 

that inferred for the Kunlunshan event.  The large transition length required for 

supershear is perhaps one of the reasons that relatively few earthquake events 

have been observed to feature such high rupture velocities and that all of them 

correspond to large magnitude earthquakes. 

0

0

0d

 

If the tectonic stress is well below the static fault strength (i.e., large s), then the 

transition length becomes too large for earthquake ruptures to attain supershear.  

The observation that during several large earthquakes the rupture velocity became 

very fast, possibly supershear, suggests that the tectonic stress is fairly close to the 

static fault strength (i.e., small s), which has important implications for the 

evolution of rupture in large earthquakes.  

2.6 Conclusions and Discussions 

Using the laboratory earthquake model and high speed, full-field diagnostics, we 

produced several interesting results for earthquake ruptures along faults 

separating similar materials.  We reported for the first time a supershear rupture 

speed for earthquake type ruptures (spontaneous in nature) in the laboratory.  We 

also observed the nucleation process of supershear ruptures.  Under proper 

loading conditions, the spontaneous rupture, which initially propagates at a 

subRayleigh speed, figures out a way to overcome the forbidden speed range 

between CR and CS.  This is done by nucleating a secondary rupture at the S wave 
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front and, afterwards, the two ruptures coalescence as a supershear rupture.  This 

observation confirms the Burridge-Andrews mechanism, which is suggested 

purely based on theoretical and numerical simulations. 

 

From our experimental results and our theoretical analysis, in order for a 

spontaneous rupture to propagate at a supershear speed, it is necessary to have 

proper loading conditions (in terms of s, this means a small s value) and a 

sufficiently long propagation distance (larger than L).  From our simple 

calculation, the nucleation distance for supershear ruptures for real earthquakes 

can be of the order of 100 km.  This fact can be used to explain the rarity of 

observations of supershear earthquakes.  Another reason for the rarity of 

supershear ruptures is due to the quality of data and nature of the faults.  Low 

frequency and less accurate data make it difficult to estimate the rupture velocity 

by inversion.  Geological faults are usually inhomogeneous and curved; there are 

always weak portions available to initiate earthquakes before large enough strain 

energy to propagate supershear ruptures accumulates. 
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C h a p t e r  3  

Earthquake Rupturing Processes along Faults Separating Different Materials: 
Generalized Rayleigh Wave Speed, Supershear, and Directionality 

For large and mature geological faults, it is highly possible that millions of years 

of slip would bring rocks of different types and different properties in contact 

and thus, faults with a material contrast would result.  The existence of such a 

material contrast leads to rich physical phenomena during the earthquake 

rupturing process.  As reviewed by Ben-Zion (Ben-Zion 2001), during the 

earthquake rupturing on faults separating different materials, the normal 

traction is coupled to the shear traction.  Consequently, in one direction of 

faulting the normal traction is reduced due to sliding, while in the other 

direction the normal traction is enhanced.  The direction with a reduced normal 

traction is called the “preferred” direction or “positive” direction, and it is in 

the same direction of the sliding of the more compliant (slow) material.  The 

other direction is called the “negative” direction.  

 

According to the theoretical and numerical work by Rice and his coworkers, the 

possible rupture velocity in the positive direction is the Generalized Rayleigh 

(GR) wave speed if this speed is defined; otherwise, it is close to the slow shear 

wave speed.  The rupture in the opposite direction can propagate at a 

supershear speed close to the slower P wave speed of the system.  This type of 

directionality of the earthquake rupturing process is primarily due to the 

material contrast. 
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In this Chapter, we will design a fault model with a material contrast (bimaterial 

or inhomogeneous system).  The system’s constituent solids are chosen so that 

a generalized Rayleigh wave speed exists.  The earthquake ruptures are triggered 

the same way as described in previous chapters.  Our goal is to investigate the 

effect of the material contrast on earthquake faulting.  Especially, we want to 

investigate the spectrum of possible rupture velocities for earthquakes occurring 

in inhomogeneous fault systems. 

 

3.1 Introduction 

In most mature faults, the elastic properties vary across the fault (Magistrale and 

Sanders 1995; Peltzer, Crampe, et al. 1999) and the shear wave speeds may also 

vary by as much as 30% (Cochard and Rice 2000; Ben-Zion and Huang 2002). 

Recently, Rubin and Gillard (Rubin and Gillard 2000) studied several thousands 

of pairs of consecutive earthquakes that occurred on a segment of the central San 

Andreas fault, south of the Loma Prieta rupture.  Among the second events of 

each pair, they found that over 70% more occurred to the northwest than to the 

southwest.  They interpret this asymmetry as being a result of the contrast in 

material properties across the fault.  Indeed, at this location of the San Andreas 

fault, the rock body is more compliant northeast of the fault than it is southwest 

(Eberhart-Phillips and Michael 1998).  

 

Theoretical and numerical studies of rupture that employ frictional laws with a 

constant coefficient of friction (Weertman 1980; Heaton 1990; Adams 1995; 

Andrews and Ben-Zion 1997; Harris and Day 1997; Ranjith and Rice 1999; 

Cochard and Rice 2000; Rice, Lapusta, et al. 2001) predict that if rupture occurs 

on the boundary between two frictionally held solids having different elastic 

properties and wave speeds, such a rupture preferentially propagates in the same 

direction as the direction of slip in the lower wave speed solid.  Since the 
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directionality of fault rupture has a profound influence on the distribution of 

damage caused by earthquake ground motion, it would be extremely useful if this 

behavior could be confirmed under controlled laboratory conditions.  While 

many of the physical aspects of dynamic rupture (including supershear) are 

recently becoming progressively clearer in relation to homogeneous faults (Ben-

Zion 2001; Rice 2001; Rosakis 2002), the behavior of spontaneously nucleated 

ruptures in inhomogeneous faults, separating materials with different wave 

speeds, is experimentally unexplored. 

 

The recent large earthquakes (1999 Izmit and Düzce) and the seismic migration 

history along the North Anatolian fault may represent a unique field example of 

the effect of the material contrast across the fault.  The 1999 Izmit and Düzce 

events featured both supershear and subRayleigh rupture branches (Bouchon, 

Bouin, et al. 2001).  Most significantly, they are the last of a series of large 

(M≥6.8) earthquakes that have occurred since 1934 in the North Anatolian 

Fault.  These earthquakes have occurred on a rather long and allegedly 

inhomogeneous fault system (Zor, Sandvol, et al. 2003) that has hosted tens of 

major migrating earthquakes in the past century.  Following the work of Stein, et 

al (Stein, Barka, et al. 1997) and of Parsons, et al (Parsons, Toda, et al. 2000), 

tens of large (M≥6.8) earthquakes occurred over 1000 km along the North 

Anatolian fault between the 1939 earthquake at Ercinzan and the 1999 Izmit and 

Düzce earthquakes.  Such a long series of earthquakes are believed to be a 

textbook example of how the transfer of stress from a recent nearby event can 

trigger the next major event in due time.  This presumably happens by adding or 

transferring stress to the fault segment, which is adjacent to the tips of a segment 

that has last failed.  The stress distribution is highly non-uniform since it occurs 

in addition to the long term stress renewal and to the pre-existing stress 

inhomogeneities.  However, as much as this model seems to be complete and 
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convincing, a few questions remain that need to be resolved and are of relevance 

to the work described here.  Such questions are related to structural fault 

inhomogeneities as we will discuss later. 

 

3.2 Two Types of Ruptures along Inhomogeneous Faults 

Inhomogeneous faults separate materials with different wave speeds.  When 

such faults experience spontaneous rupture the equi-bilateral symmetry, 

expected in the homogeneous case, is broken.  This leads to various forms and 

degrees of rupture directionality.  Dynamic rupture along bimaterial interfaces is 

known to involve substantial coupling between slip and normal stress 

(Weertman 1980; Ben-Zion 2001; Rice 2001).  As a consequence, the relative 

ease or difficulty for a rupture to propagate in a specific direction along a 

bimaterial interface is closely related to the degree of mismatch in wave speeds 

in addition to the faults frictional characteristics.  For bimaterial contrast with 

approximately less than 35% difference in shear wave speeds (as in the case of 

most natural faults), generalized Rayleigh waves can be sustained.  These waves 

are waves of frictionless contact propagating at a speed, CGR, called the 

generalized Rayleigh wave speed (Rice 2001). 

 

The 1980 rupture solution by Weertman (Weertman 1980) involves a 

dislocation like sliding pulse propagating sub-sonically with a velocity equal to 

CGR along an interface governed by Amonton-Coulomb friction.  However, the 

classical Amonton–Coulomb’s description has been shown to be inadequate for 

addressing fundamental issues of sliding (Ranjith and Rice 2001), since sliding 

becomes unstable to periodic perturbations.  Instability, in the above sense, 

implies that periodic perturbations to steady sliding grow unbounded for a wide 

range of frictional coefficient and bimaterial properties (Renardy 1992; Adams 

1995).  The growth rate is proportional to the wave number.  In particular, 
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when generalized Rayleigh waves exist, Ranjith and Rice (Ranjith and Rice 

2001) demonstrate that unstable periodic modes of sliding appear for all values 

of the friction coefficient.  Mathematically, instability to periodic perturbations 

renders the response of a material interface to be ill-posed (no solution exists to 

the problem of growth of generic, self-sustained perturbations to steady 

sliding).  The problem is regularized by utilizing an experimentally based 

frictional law (Prakash and Clifton 1993), in which shear strength in response to 

an abrupt change in normal stress evolves continuously with time (Cochard and 

Rice 2000; Ranjith and Rice 2001).  In such a case, the problem becomes well-

posed and generic self-sustained pulse solutions exist while numerical 

convergence through grid size reduction is achieved (Cochard and Rice 2000; 

Coker, Lykotrafitis, et al. 2004).  However, despite the fact that this special 

frictional law provides regularization, self-sustained slip pulses may still grow in 

magnitude with time.  This is a phenomenon that has been demonstrated 

numerically by Ben-Zion and Huang (Ben-Zion and Huang 2002).  Moreover, 

self-sustained pulses were found to exist and to propagate at discrete steady 

velocities and at specific directions along the inhomogeneous interface by 

analytical (Ranjith and Rice 2001) and numerical means (Andrews and Ben-

Zion 1997; Cochard and Rice 2000). 

 

Two types of such steady, self-sustained pulses were discovered by Ranjith and 

Rice (Ranjith and Rice 2001) theoretically.  Consistent with Weertmans 1980 

analysis (Weertman 1980), the first type corresponds to rupture growth in the 

direction of sliding of the lower wave speed material of the system.  This 

direction is referred to in the literatures (Ben-Zion 2001; Rice 2001) as the 

“positive” direction and sometimes as the “preferred” direction (Ben-Zion 

2001).  The rupture pulses belonging to this type are sub-shear and always 

propagate with a steady velocity V= + , where the plus denotes growth in GRC
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the “positive” direction.  Thus, in this work we will refer to these rupture pulses 

as “positive” generalized Rayleigh ruptures and will abbreviate them as “+GR” 

ruptures.  The second type of self-sustained rupture corresponds to growth in 

the direction opposite to that of sliding in the lower wave speed material of the 

bimaterial system.  This direction is often referred to as the “negative” direction 

or “opposite” direction (Cochard and Rice 2000).  Such ruptures are supershear 

and they always propagate with a steady velocity that is slightly lower than the 

P-wave speed of the material with the lesser wave speed (V= − ).  Such 

ruptures are generated for sufficiently high values of the coefficient of friction 

(Ranjith and Rice 2001) and are less unstable than the “+GR” ruptures 

described above (Cochard and Rice 2000).  In the present paper we will 

abbreviate such ruptures as “−P

2
PC

SLOW” ruptures.  This second type of rupture 

pulse was also studied by Adams (Adams 2001), who showed that the leading 

edges of these supershear (intersonic) ruptures are weakly singular, a result 

which is consistent with numerical analysis (Cochard and Rice 2000). 

 

From the point of view of numerics, the early work of Andrews and Ben-Zion 

(Andrews and Ben-Zion 1997), has brought to light the persistence and 

interesting properties of rupture pulses of the “+GR” type.  This was possible 

even in the ill-posed context of sliding governed by Amontons-Coulomb 

friction before much of the theoretical concepts were at hand.  In their work, 

the sliding “+GR” pulses were triggered by a local release of interfacial pressure 

spread out over a finite region at the interface and over finite time.  

Surprisingly, no pulses of the second type (“−PSLOW” pulses) were excited in 

these simulations despite the fact that the coefficient of friction was high 

enough to have permitted their existence as suggested by the modal analysis of 

Ranjith and Rice (Cochard and Rice 2000).  The subsequent numerical 

simulations of Cochard and Rice (Cochard and Rice 2000), which utilized 
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modified Prakash and Clifton Law, were able to sequentially excite regularized 

self-sustained pulses of both types.  This was achieved by introducing small 

changes in the parameters of the friction law and in the geometry of the 

nucleation zone.  At the same time, no simultaneous excitation of both modes 

was reported.  Moreover, the “−PSLOW” pulses were found to be slightly more 

difficult to excite than the “+GR” pulses.  However, the degree of relative 

difficulty was not examined in detail.  In partial agreement to the above 

numerical studies, Harris and Day (Harris and Day 1997) demonstrated the 

simultaneous existence of both types of sliding modes, propagating in opposite 

directions during the same rupture event.  They considered various bimaterial 

and tri-layered configurations featuring modest wave speed mismatch and a 

slip-weakening frictional law.  The inconsistency between the different 

numerical studies may be due to the different friction laws applied.  All studies 

except this of Harris and Day have assumed a constant coefficient of friction 

(Harris and Day 1997).  Here we see the need for experimental analysis because 

experimental results can be used to judge the physical relevance of various 

friction laws and to validate various proposed numerical methodologies.  It 

should be emphasized at this point that the goal of some of the early theoretical 

and numerical studies (Weertman 1980; Adams 1995; Andrews and Ben-Zion 

1997; Adams 1998; Cochard and Rice 2000; Ranjith and Rice 2001) was to 

investigate what kind of unstable slip would develop on a surface which, as 

judged from conventional friction notions, was superficially stable, in the sense 

that its friction coefficient, f, did not decrease, or vary otherwise, with slip 

and/or slip rate.  For most brittle solids, however, ample evidence exists that, f 

does decrease with increase of slip and/or slip rate (or, more fundamentally, f 

varies with slip rate and contact state).  As a result, a proper model for natural 

faulting along a bimaterial interface should include both a weakening of f and 

the slip-normal stress coupling effects of the bimaterial situation.  Indeed such a 
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weakening model was included by Harris and Day (Harris and Day 1997).  

Given the above, it would be an invalid interpretation of the results of the 

earlier set of papers (Weertman 1980; Adams 1995; Andrews and Ben-Zion 

1997; Adams 1998; Cochard and Rice 2000; Ranjith and Rice 2001) to conclude 

that the rupture (including preference for specific rupture mode) scenarios 

which they predict constitute the full set of scenarios available to a real 

earthquake, of which f decreases with increasing slip and/or slip rate.  The 

consistently bilateral nature of rupture predicted by Harris and Day (Harris and 

Day 1997) is perhaps an indication of the effect of including a slip weakening 

frictional law in their calculations. 

 

3.3 Experimental Set-up 

Our experiments examine the effect of material contrast on the rupture growth 

of spontaneously nucleated dynamic rupture event hosted by inhomogeneous, 

frictional interfaces.  These interfaces are held together by static, far-field 

pressure-shear simulating natural tectonic loads.  The experiments mimic 

natural earthquake rupture processes in fault systems, where bimaterial contrast 

between intact rock masses seldom featured more than a 35% difference in 

shear wave speeds (Rice 2001). 

 

The experimental set-up is very similar to that described in chapter 1 and 

subsequently used in our previous study of rupture in homogeneous interfaces 

(chapter 2).  This configuration has proven to be very effective in producing 

accurate, full-field, and real-time information of generic rupture characteristics 

that can ultimately be related to the rupture behavior of natural fault systems. 
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Figure 3.1 Laboratory earthquake fault model composed of two 
photoelastic plates of the same geometry. 

 
The laboratory fault model is shown in Figure 3.1.  The figure shows a 

Homalite-100 plate (material 1, top) and a polycarbonate plate (material 2, 

bottom) that are held together by far-field load, P.  The higher wave speed 

material at the top (Homalite-100) has a shear wave speed C  = 1,200 m/s and 

a longitudinal wave speed C =2,498 m/s.  The lower wave speed material at 

the bottom (Polycarbonate) has a shear wave speed C =960 m/s and a 

longitudinal wave speed =2,182 m/s.  The fault is simulated by a frictionally 

held contact interface forming an angle to the applied load that is varied to 

mimic a wide range of tectonic load conditions.  Spontaneous rupture is 

1
S

2
S

1
P

2
PC

 



 69

triggered at the hypocenter through the exploding wire mechanism described in 

chapter 1.  The static compressive load P is applied through a hydraulic press.  

By arbitrary convention, the fault line runs in the east-west direction with the 

lower wave speed solid located at the south side.  As viewed from the camera, a 

rupture will produce right lateral slip.  We use specimens with different 

roughness in our experiments; we denote one as smooth (roughness is 17 µm) 

and the other as rough (roughness is 25 µm). 

 

The ratio of shear wave speeds, =1.25, is chosen to be within the 

naturally occurring bimaterial range so that the interfacial phenomena can be 

applied to the field observations.  In particular, the bimaterial difference is big 

enough to allow for a high enough growth rate of sliding instabilities and to 

permit us to clearly distinguish between various wave speeds.  Within roughly 

the same range generalized Rayleigh waves exist as well.  The shear wave speeds 

are directly measured for each material by following the shear wave fronts 

through high-speed photography and photoelasticity.  Photoelasticity, being 

sensitive to maximum shear stress fields, is perfectly suited for measuring shear 

wave speeds and for scrutinizing shear-dominated rupture processes in brittle, 

transparent, and birefringent solids (see discussion in chapter 2).  The listed P 

wave speeds are calculated by using measured values of Poisson’s ratios (ν

1
SC / C

( ) (1V

2
S

1 = 

0.35, ν2 =0.38) and by using the listed shear wave speeds.  An independent 

measurement of the P-wave speeds in the plates using ultrasonic transducers 

has confirmed these listed values to within 5%.  The value of CGR can be 

determined from the equation: 2 2
1 1 2 2 2 2 1 1) (1 ) 0f b a G D b a G D= − + − = , where 

2 21 /( n
n Pa V C= − ) , 2 2)C nD1 /( n

n S
22 )1(4 nnn bba +−=b V , , V is the rupture 

speed, G

= −

n are rigidities of materials, and n=1,2.  Substituting the material 

constants for Homalite-100 and Poly Carbonate into the equation, we get CGR= 
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0.959 km/s., a value that is extremely close to the shear wave speed of 

Polycarbonate1.   

 

3.4 Experimental Results 

The dynamic rupture is triggered by means of the exploding wire mechanism, 

which simulates a localized pressure release at the desired location of the 

simulated hypocenter.  This mechanism has been described in detail in our 

previous work on rupture of homogenous interfaces (Chapter 2).  

Experimentally, it is a convenient way of triggering the system’s high speed 

diagnostics.  More than 30 experiments featuring different angles, α (20º, 22.5º 

and 25º), and far-field loading, P (10-18 MPa), were performed and the rupture 

events were repeatedly visualized in intervals of 3 µs by a digital high speed 

camera system used in conjunction with dynamic photoelasticity.  The higher 

level of angles was limited by the static frictional characteristics of the interface.  

Depending on P and on α, three distinct and repeatable rupture behaviors were 

observed.  In all cases, the two separate, semi-circular traces of the shear waves 

in the two materials were clearly visible as discontinuities in the maximum shear 

stress field.  The ruptures were always bilateral and became progressively 

asymmetric with time, within the time window of all experiments. 

 

                                                 
1 As discussed by Rice (Rice 2001), a generalized Rayleigh wave corresponds to frictionless sliding at the 

interface between two modestly different dissimilar solids, with no opening at the interface.  The 

generalized Rayleigh wave speed, C , is the real root of the scalar equation described in section 3.3 and 

has the properties:    min ( C  , ) < C  < max ( C  , ); C < C  <  

GR

2
R

1
R C GR

1
R

2
RC GR

2
S

1
SC

In our case, these inequalities become: 

902 m/s < C  < 1, 122 m/s,  < 960 m/s < 1,200 m/s} GR GRC
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3.4.1 Case-1, GR Rupture and Sub-shear Rupture 

 

Figure 3.2 The photoelastic patterns for an experiment with α =22.5, P=17 

MPa, and smooth surface.  Both ruptures to the east and the west are sub-shear. 

(Case 1) 

 

As shown in Figure 3.2, two distinct rupture tips, one moving to the west and 

the other moving to the east, with velocities VE and VW respectively, are 

identified by a distinct concentration of fringe lines.  For this case (case-1), both 

tips are seen to propagate at sub-shear velocities VE < VW < C  < C .  

Differentiation of the rupture length-time histories, obtained from a series of 

high speed images, allows for the estimation of the rupture velocity histories.  

On one hand, the rupture moving to the west is the one propagating in the 

direction of sliding of the lower wave speed material (positive direction).  

Within experimental error this rupture is found to grow at a constant velocity 

equal to the speed of the generalized Rayleigh waves (V

2
S

1
S

GR
W = 950 m/s ≈ + C ).  
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The rupture moving to the east, on the other hand, is the one propagating in 

the direction opposite to that of sliding in the lower wave speed material 

(opposite direction).  This rupture grows at an almost constant subRayleigh 

velocity of VE = −900 m/s, which is clearly slower than the Rayleigh wave 

speed, , of the slower wave speed material.  The observations were very 

similar for smaller angles, α, and compressive loads, P, as well.  The rupture to 

the west (positive direction) always propagated with V

2
RC

W ≈+C .  The rupture 

to the east remained subRayleigh (V

GR

E < C  < C ).  However, its velocity 

varied continuously across experiments with different load levels and angles.  In 

particular, smaller angles of α (or smaller values of the s factor described in 

chapter 1) and lower P resulted in V

1
R

2
R

E being lower fractions of .  Judging 

from the number of near-tip fringes per unit area, the eastward moving rupture 

resulted in a visibly smaller level of stress drop than the one moving to the 

west.  

2
RC

 

3.4.2 Case-2, GR Rupture and Supershear Rupture 

A very distinct but equally repeatable rupture case (case-2) was observed for 

higher values of α and P.  These conditions correspond to higher values of 

driving stress or to conditions closer to incipient uniform sliding of the entire 

interface (smaller values of s).  A typical example corresponding to α =25º and 

P =17 MPa is shown in Figure 3.3.  In this case the rupture is still bilateral with 

a westward tip trailing behind both shear wave traces.  This tip moves at a 

constant velocity VW ≈ + C  along the “positive” direction.  This observation 

is identical to the situation described above in relation to lower values α and P.  

The eastward moving tip however is clearly different from the previously 

described case.  Its tip is moving with a velocity faster than both the shear wave 

speeds.  Moreover, its structure, shown in detail in the upper insert of Figure 

GR
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3.3, is distinctly different to the structure of the subRayleigh, westward moving 

rupture shown in the lower insert. 

 

Figure 3.3. For α =25º, P =17 MPa, and smooth surface finish the bilateral 

rupture features two distinct tips. The one moving to the west (positive direction) 

has a velocity VW =+ , while the one moving to the east (opposite direction) 

is supershear. (Case-2) 

GRC

 

As conclusive proof of its supershear velocity, two distinct shear shock waves 

are clearly visible.  The magnitude of the velocity of the eastward rupture |VE| 

is 1920 m/s, which is approximately 12% less than the P-wave speed, C , of 

the lower wave speed material.  |V

2
P

E| is also equal to 1.6 , or is slightly higher 

than 

1
SC

2  times the shear wave speed of the faster wave speed material.  The 

upper insert in Figure 3.3 shows two clear lines of discontinuity in the 

maximum shear contours of photoelasticity.  Each of these lines (shear shock 

 



 74

waves) is located at two different angles β1 =41º and β2 =30º, to the North and 

to the South of the fault respectively.  The two angles βn (n= 1, 2) are related to 

the shear wave speeds  and to the rupture velocity Vn
SC E, by β .  

This relation provides independent means of estimating V

-1 E n
n S=sin (V /C )

SLOWP

E from each 

individual frame of the high speed camera record without reliance on the less 

accurate rupture length history.  Both methods yield consistent values of VE 

=−1920 m/s. 

 

Both cases described above feature westward moving ruptures that are of the 

“+GR” type.  Irrespective of the values of α and P, these ruptures have a 

constant speed VW ≈ + C , and they propagate in the “positive” direction.  

However, those two cases also feature eastward ruptures that are distinctly 

different in nature.  For sufficiently low P and α (or large s), the eastward 

ruptures, which propagate in the opposite direction, are purely subRayleigh 

within the time window of our experiments.  For large enough P and α 

however, eastward ruptures propagate in the opposite direction with a constant 

supershear velocity, which is slightly less than  and are thus of the “− ” 

type. 

GR

2
PC

 

3.4.3 Case-3, GR Rupture and Sub-shear to Supershear Rupture Transition 

To visualize an intermediate situation and a controlled transition from one case 

to the other within the field of view, P was reduced to 13 MPa (Figure 3.4, A 

and B).  For this case (case-3), figure 3.4 shows a smooth transition from case-1 

to case-2 within the same experiment.  While the westward rupture remains of 

the “+GR” type throughout the experiment, the eastward rupture jumps from a 

constant subRayleigh velocity (−910 m/s) to a constant supershear velocity 

(−1,920 m/s), and thus transitions to the “− ” type.  The rupture length SLOWP
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plot of Figure 3.5 also shows the abrupt transition of the eastward rupture from 

a subRayleigh velocity to a velocity slightly less than C .  This happens at a 

transition length, L, which is approximately equal to 25 mm.  However, the 

westward rupture retains its constant +C  velocity throughout the 

experiment. 

2
P

GR

 

 

Figure 3.4. Experimental results for α =25º, P =13 MPa, and rough surface 

showing transition of the eastward moving rupture to supershear. The westward 

rupture retains a constant velocity VW=+CGR. (Case-3) 

 

The eastward transition behavior of case-3 is qualitatively similar to the one we 

have discussed (chapter 2) in relation to homogeneous interfaces, while the 

transition length, L, is also a decreasing function of α and P.  Most important to 

the discussion of the present paper is the observation that the ruptures that 

propagate to the opposite direction require a certain minimum rupture length 

before they become supershear.  This observation provides a clear intuitive link 

between super shear growth in the “opposite” direction and large earthquakes.  

In contrast, no such transition was observed for “positively” growing “+GR” 
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ruptures irrespective of α, P, and rupture length.  As a result, the experiments 

do not provide an obvious link between “positively” growing ruptures and large 

earthquakes. 

 

Figure 3.5. Rupture length plot of an experiment for α =25º, P =13 MPa, and 

rough surface finish. 

 

3.4.4 The Dependence of Transition Length on P 

In chapter 2, we have discussed the dependence of the transition length L on the 

uniaxial pressure P.  In the homogeneous case there is a very well defined point 

for transition, while in the inhomogeneous case the transition point is not always 

so clear.  This difference again is due to the presence of a material contrast.  In 

the homogeneous case, there is an energetically forbidden velocity zone between 

CR and CS ; as a result, the secondary crack is initiated exactly at the shear wave 

front.  In contrast for inhomogeneous faults, the forbidden zone no longer exists 

and the subshear crack in the opposite direction accelerates to the supershear 

speed in a smoother way (Figure 3.5).  Nevertheless, on occasions we can still 
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define the transition length where the speed change occurs.  The plot of 

transition length L is in Figure 3.6.  L has a weaker dependence on P (L~P-0.4) 

than the homogeneous case (L~P-1.5).   This is expected because for the 

inhomogeneous case, the coupling between the slip and the normal traction 

causes a dynamic compression locally and thus increases the resistance to the slip 

locally in the negative direction.  On the other hand, the shear traction driving the 

rupture is constant and hence it takes longer slip to for a crack to reach the 

supershear velocity. 

 

Figure 3.6. Transition length as a function of pressure P for experiments with 

α=25º and rough surface finish. 

 

We list all the experimental results in Table 3.1.  The transition happens only at 

angle α=25º.  For smooth surface, when the angle is smaller than 25º, no 

transition is achieved within our field of view.  For rough surface however, 

angles smaller than 25º result in no rupture at all. 
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Table 3.1 Summary of Experimental Results 

Surface Angle α (º) P (MPa) West Rupt. East Rupt.2 
Smooth 20 10 ~  

GRC ~C  2
R

Smooth 20 13 ~  
GRC ~C  2

R

Smooth 20 17 ~  
GRC ~C  2

R

Smooth 22.5 10 ~  
GRC ~C  2

R

Smooth 22.5 13 ~  
GRC ~C  2

R

Smooth 22.5 17 ~  
GRC ~C  2

R

Smooth 25 10 ~  
GRC ~C ,~C  2

S
2
P

Smooth 25 13 ~  
GRC ~C ,~C  2

S
2
P

Smooth 25 17 ~  
GRC ~C ,~C  2

S
2
P

Rough 25 10 ~  
GRC ~C ,~C  2

S
2
P

Rough 25 12 ~  
GRC ~C ,~C  2

S
2
P

Rough 25 13 ~  
GRC ~ ,~C  2

RC 2
P

Rough 25 15 ~  
GRC ~C ,~C  2

S
2
P

Rough 25 17 ~  
GRC ~C ,~C  2

S
2
P

 

3.5 Comparison of the Experimental Results to Existing Numerical and 

Theoretical Studies 

The experiments described above provide the first full-field and real-time 

visualization of dynamic frictional rupture events occurring along 

inhomogeneous interfaces, which feature low wave speed mismatch such that 

the generalized Rayleigh wave speed can be defined.  While it is very difficult to 

access whether the ruptures are pulse-like, crack-like, or a mixture of the two, 

the observations confirm the existence of two distinct self-sustained and 

constant speed rupture modes.  These are very similar to the ones that have 

been theoretically and numerically predicted over the recent years (Weertman 

1980; Andrews and Ben-Zion 1997; Cochard and Rice 2000; Ben-Zion 2001; 

                                                 
2 The east rupture may experience sub-shear to supershear transition.  In this case, there are two velocities 

listed: one before the transition and the other after the transition. 
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Rice 2001; Ben-Zion and Huang 2002).  In particular, a “+GR” type of rupture 

mode is always excited instantaneously along the “positive” direction of sliding.  

Furthermore, a “− ” mode is observed as long as the rupture propagating 

in the “opposite” direction is allowed to grow to sufficiently long distances 

from the hypocenter.  The triggering of the “− ” mode is always preceded 

by a purely subRayleigh, crack-like rupture whose velocity depends on loading, 

on geometry , and on the bimaterial characteristics.  Therefore, the existence of 

this preliminary and apparently transient stage is one of the main differences 

with the numerical predictions (Andrews and Ben-Zion 1997; Harris and Day 

1997; Cochard and Rice 2000).  However, its existence does not contradict early 

theoretical studies (Adams 2001; Ranjith and Rice 2001), which only predict 

self-sustained stable rupture events whose constant velocities relate to the wave 

speeds of the bimaterial system.  

SLOWP

SLOWP

 

A far more striking difference to some of the numerical predictions (Andrews 

and Ben-Zion 1997; Cochard and Rice 2000; Ben-Zion and Huang 2002), is the 

consistent experimental observation of bilateral slip.  In contrast to the 

experiments, the above numerical predictions seem capable only of exciting one 

or the other of the two self-sustained rupture modes (Cochard and Rice 2000), 

giving rise to purely unilateral rupture events.  They also seem to primarily favor 

the triggering of the “+GR” mode in low wave speed mismatch bimaterial 

systems (Andrews and Ben-Zion 1997).  This kind of preference has led to the 

labeling of the “positive” direction as the “favored” rupture direction and of 

+ C  as the “favored” rupture velocity.  These numerical results directly 

support the closely related notion of ruptured directionality (McGuire, Zhao, et 

al. 2002).  A notable exception to this rule is provided by the early numerical 

analysis by Harris and Day (Harris and Day 1997), which consistently reports 

asymmetric bilateral rupture growth in a variety of low speed contrast, in- 

GR
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homogeneous fault systems.  These results are qualitatively very similar to the 

experimental observations of cases 1 and 2.  However, no transition is reported.  

As briefly discussed by Cochard and Rice (Cochard and Rice 2000), the 

excitement of various modes or their combinations, may possibly be related to 

the details of the numerically or experimentally implemented triggering 

mechanisms.  In an attempt to further reconcile the observed differences 

between various models and the experiments we note that unstable slip rupture 

propagation has also been observed (Xia, Rosakis, et al. 2004) on 

Homalite/Homalite and Polycarbonate/Polycarbonate interfaces.  Such unstable 

rupture growth would be possible only if there was a reduction of the friction 

coefficient with slip and/or slip rate, and hence such reduction must be a 

property of both materials when sliding against each other.  It is then plausible to 

assume that a similar reduction of friction coefficient occurs along the 

Homalite/Polycarbonate interface, and to thus infer that its rupture behavior 

should not be expected to fully correspond to the idealized models of a dissimilar 

material interface with constant coefficient of friction (Weertman 1980; Adams 

1995; Andrews and Ben-Zion 1997; Adams 1998; Cochard and Rice 2000; 

Ranjith and Rice 2001). 

 

The present experiments neither support exclusivity nor show a strong 

preference for rupture direction.  Although they support the idea that frictional 

ruptures that grow in the positive direction and will always do so at a specific 

constant velocity (V = + C ), they still allow for a significant possibility of 

self-sustained supershear ruptures growing in the opposite direction.  This 

possibility becomes significant, provided that their transient, subRayleigh, 

(remove comma) precursors grow for a large enough length and are not 

arrested prior to transitioning to supershear.  The requirement of a critical 

transition length along the “opposite” direction provides a link between large 

GR
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earthquakes and the occurrence of self-sustained supershear rupture in the 

“opposite” direction.  One perhaps can contemplate the existence of a weak 

statistical preference for positively growing ruptures, since this link to large 

earthquakes is absent for “+GR” ruptures. 

 

3.6 Explanation of Earthquake Series on North Anatolian Fault Using the 

Experimental Results 

The 1999, M7.4, Izmit earthquake in Turkey is perhaps a prime example of a 

recent large earthquake event for which both modes of self-sustained rupture 

may have been simultaneously present, as is the case in our experiments.  The 

event featured right-lateral slip and bilateral rupture of a rather straight strike-

slip segment of the North Anatolian Fault.  As reported by Bouchon, et al. 

(Bouchon, Bouin, et al. 2001), the westward propagating side of the rupture 

grew with a velocity close to the Rayleigh wave speed, while the eastward 

moving rupture grew at a supershear velocity that was slightly above the 2  

times the shear wave speed of crustal rock.  Since the laboratory ruptures of the 

current paper are intentionally oriented similarly to the Izmit event, a direct 

comparison with the case described in Figure 3.3 becomes possible and it 

reveals some striking similarities.  In addition to featuring right lateral slip and 

asymmetric bilateral rupture, this case (case-2) featured a subshear westward 

rupture propagating at + .  To the east however, the rupture propagated at 

a velocity slightly lower than , which also happens to be equal to 1.6C  for 

the particular bimaterial contrast of the experiments.  If one interprets the Izmit 

event as occurring in an inhomogeneous fault with the lower wave speed 

material being situated at the southern side of the fault (as is in the experiment), 

the field observations and the experimental measurements of both rupture 

directions and velocities are very consistent.  Moreover, when the bimaterial 

GRC

2
PC 1
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contrast is low enough, the differences between  and the average of the 

two Rayleigh wave speeds, ( + )/2, as well as the difference between 

1.6  and 

GRC

1
RC 2

RC

1
SC 2 ( + )/2 would be small enough not to be discriminated by 

the inversion process, even if the fault geology was completely known.  In this 

respect, the agreement with experiment is as good as it can ever be expected.  

In addition, viewing the fault as inhomogeneous can explain the choice of 

direction for both the subRayleigh and the supershear branches respectively.  

This choice of rupture direction is consistent with both the present experiments 

and with the theory reviewed in the introduction (Weertman 1980; Adams 

2001; Ranjith and Rice 2001). 

1
SC 2
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The 1999 Düzce earthquake can also be interpreted through a similar line of 

argument used for Izmit.  The Düzce rupture also featured right lateral slip (as 

did all events that occurred in the North Anatolian fault between 1939 and 

1999) and it extended the Izmit rupture zone 40 km eastward through 

asymmetric bilateral slip (Bouchon, Bouin, et al. 2001).  Thus similar to the 

Izmit earthquake, numerical modeling by Bouchon, et al. (Bouchon, Bouin, et 

al. 2001) indicates subRayleigh westward and supershear eastward rupture 

fronts.  As a result the direct comparison with case-2 described in Figure 3.3 

provides an explanation for the two rupture directions and respective velocities, 

similar to the one given for Izmit.  This explanation is of course plausible only 

if one assumes, once again, that the material to the south of the North 

Anatolian fault (at its western end) is the lower wave speed solid. 

 

By using similar arguments to the ones used for Izmit and Düzce one can 

perhaps provide a unified rationalization of the seemingly random rupture 

directions and rupture velocities of the interrelated series of earthquakes that 
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occurred since 1939 along the North Anatolian fault and ended in 1999 with 

the Izmit and Düzce events.  The following argument requires the assumption 

that, in average and along its entire length, the North Anatolian fault features 

the same type of bimaterial in-homogeneity as the one that has been 

summarized for Izmit and Düzce.  However, rather limited evidence supporting 

such an assumption is currently available (Zor, Sandvol, et al. 2003).  If in some 

average sense this is true, one would expect that the slight majority (60%) of the 

large (M≥6.8) earthquake events [i.e., (1939-M7.9), (1942-M6.9), (1944-M7.5), 

(1951-M6.8), (1957-M6.8), (1967-M7.0)], which featured westward growing 

ruptures, were probably of the “+GR” type.  In other words, this assumption 

implies that they were classical subRayleigh ruptures that moved with velocity 

equal to + C  in the “positive” direction.  The remaining ruptures of the series 

were “irregular” in the sense that they featured dominant eastward growth.  As 

previously detailed, out of the remaining four ruptures of the series, the Izmit 

and Düzce events were bilateral with a western branch of the “+GR” type 

(consistent with the others) and an eastward, super-shear branch of the 

“− ” type.  The 1943 and 1949 ruptures were purely unidirectional and 

eastward moving; however, their rupture velocities are not known.  If these 

ruptures are to be consistent with the remaining events in the sequence, as they 

have previously been experimentally, then they could also have developed as 

the “− ” type.  This possibility is more likely for the 1943 event that 

featured over 250km of growth length.  As estimated in Chapter 2, this length is 

much larger than the critical length required for transition to supershear.  By 

observing that the 1943 and the two 1999 (Izmit and Düzce) events were of a 

higher magnitude than most of the other events of the complete series, as 

reported by Stein, et al (Stein, Barka, et al. 1997), further supports the assertion 

that at least three out of four “irregular” events featured partial or total 

supershear growth along the “opposite” (eastward) direction. The basic support 
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for this assertion is provided by the experimentally established link between 

large earthquakes and supershear ruptures growing in the “opposite” direction, 

and is consistent with the direct evidence of supershear from the two most 

recent “irregular” events of 1999. 

 

Finally, it should be noted that if earthquakes of lesser magnitude (in the range 

between M6.4-6.8) are also included in the discussion, the North Anatolian 

Fault series will feature a weak preference for western propagation.  This is not 

very surprising given the above discussed link between large earthquakes and 

self-sustained supershear along the opposite direction, a link that does not exist 

for “positive” (westward growing) “+GR” ruptures.  Indeed, in addition to the 

actual number of ruptures that grew to the east or west, what is of importance 

here is the actual growth lengths.  The results reported by Stein, et al. (Stein, 

Barka, et al. 1997) show that the total length of westward growth is slightly 

higher than that of eastward growth.  This is again consistent with experiments 

that show that the self-sustained “+GR” mode is always and instantaneously 

present after nucleation.  In contrast, the self-sustained “− ” mode is 

often preceded by an unstable sub-shear phase.  For smaller earthquakes this 

unstable phase may never transition to supershear and instead it may be 

arrested.  This in turn would result in a total eastward rupture length, which is 

slightly shorter than the total western rupture length of the earthquake series. 

SLOWP

 

3.7 Discussions and Conclusions 

To investigate the effect of material contrast on the earthquake faulting process, 

we adopted a fault model made up of two different photoelastic polymer plates.  

Using the similar experimental design, as we described in chapter 1 and chapter 

2, we are able to trigger and observe the dynamic process of earthquake 

rupturing. 
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Our results can be summarized as follows: ruptures were always bilateral.  In 

the positive direction the rupture tip propagated at the generalized Rayleigh 

wave speed, while in the negative direction the rupture tip propagated either at 

the sub-Rayleigh or at a speed very close to the P wave speed of the slower 

wave speed solids.  In certain cases, a transition from subRayleigh to supershear 

was documented.  Such a transition was only found to occur for the rupture tip 

growing along the negative direction and has provided a clear link between 

“negatively” growing ruptures and large earthquakes.  Our experimental 

observations have allowed us to provide a critical appraisal of existing 

theoretical and numerical results and a unified view of the possible modes of 

frictional rupture. 

 

Since the inhomogeneous faults are possible in reality, this unified view is very 

important in the explanation of seemingly “irregular” earthquakes.  As an 

example, we demonstrated how this theory explains observations of the historic 

sequence of migrating earthquakes along North Anatolian fault. 
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C h a p t e r  4  

Earthquake Rupturing Processes along Faults with a Finite Fault Core (Low-
Velocity Zone) 

So far, we have exclusively discussed and studied the earthquake faulting 

process that occurs along a fault with the simplest geometries, i.e., faults that 

are ideally mathematical straight lines without any internal geometrical structure 

or strength inhomogeneities.  Such an ideal fault can’t be found in the real 

world; instead, one can only define a so-called fault zone with following 

characteristics: within the fault zone, there is a fault core made up of heavily 

damaged material with slower wave speeds than that of the host rock, and the 

thickness of the fault core is about several centimeters.  The fault zone is an 

area of accumulated damage resulting from repeated rupture events through 

ages. 

 

The existence of a fault core may have a profound influence on the earthquake 

rupturing process.  The fault core thickness provides an intrinsic length scale.  

This length scale may be related to the pulse width of a pulse-like rupture and 

may lead to a new mechanism for the pulse mode earthquake faulting in 

addition to the already proposed mechanisms, including special friction law, 

material contrast, and inhomogeneity distribution in fault strength (e.g.,, barriers 

and asperities). 

 

In this chapter, we will systematically examine the effect of a fault core or a 

finite low-velocity zone on earthquake faulting.  We use a set up similar to the 

one described in detail in Chapter 1.  We vary the width of the fault core, the 
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level of the far field loading, and the inclination angle.  The purpose of this 

chapter is to explore the spectrum of possible rupture velocities and to identify 

the various modes of rupturing (i.e., crack mode vs. pulse mode) that may occur 

for faults with a finite core. 

 

4.1 Introduction 

It may be too simple to assume that faults are mathematical straight lines 

without structure, as we did in previous chapters.  There are two natural ways to 

increase the geometrical complexity of the problem.  One way is to consider the 

real two dimensional structure of the fault zone, which is not a straight line of 

zero width.  Another way is to keep the mathematical line feature of the fault, 

but to allow it to be non-straight.  There are a few interesting phenomena that 

may be triggered by such geometric complexities.  These include the 

development of pulse-like mode of rupturing, and the phenomenon of fault 

geometry induced arrest of rupture.  In this chapter, we will concentrate on the 

earthquake ruptures occurring along faults with a finite fault core. 

 

According to geological and geophysical observations, the fault zone can be 

divided into several layers (Ben-Zion and Sammis 2003).  From inside out, these 

are fault core, the adjacent tabular damaged zone, and the surrounding host 

rock.  The two interfaces of the fault core and the tabular damaged zone are 

called the primary and the secondary slip surfaces.  The dimension of the 

tabular damaged zone is 100’s of meters while the dimension of the fault core is 

not larger than 10’s of centimeters.  The primary and secondary slip surfaces are 

a few millimeters of thickness (Chester and Chester 1998; Sibson 2003).  One 

important observation here is that the ratio of the thickness of the fault core to 

the thickness of the primary slip surface is about 100.  Usually, researchers 
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simplify the structure of the fault zone to a fault core made up of low-velocity 

material bounded by host rock.  

 

The problem of rupturing along a fault with a finite fault core, or low-velocity 

zone was numerically studied by Harris and Day by using the standard slip 

weakening law (Ida 1972; Palmer and Rice 1973), and later by Ben-Zion and 

Huang using a modified Prakash-Clifton friction law with a constant coefficient 

of friction (Prakash 1995; Prakash 1998) (Harris and Day 1997; Ben-Zion and 

Huang 2002).  Harris and Day considered the following cases: 1. a fault 

separating the infinite host rock and low-velocity zone with infinite width (This 

corresponds to the bimaterial problem considered in the Chapter 3), 2. a fault 

line bisecting the finite width low-velocity zone that is imbedded within infinite 

host rock, and 3. a fault separating along one of the two interfaces of the 

infinite host rock and a low-velocity zone of finite width (Harris and Day 1997).  

The last configuration is the problem of interest.  This reflects our belief that 

this configuration better resembles what happens in a real fault system.  Indeed, 

based on fracture mechanics theory (Hutchinson and Suo 1992) shear ruptures 

in layer systems tend to propagate along the material interface. 

 

Harris and Day considered cases where the width of the low-velocity zone 

(LVD) varied from 200 to 1000 m.  Two sets of LVZ characteristic wave 

speeds were considered (CP = 5.00 km/s, CS = 2.89 km/s and CP = 4.00 km/s, 

CS = 2.31 km/s).  The characteristic wave speeds of the host rock were taken to 

be CP = 6.00 km/s and CS = 3.46 km/s.  Using the generalized Rayleigh wave 

equation discussed in Chapter 3, we find that for the former case, the GR wave 

speed is very close to the shear wave speed of the fault core material (CGR = 

2.845 km/s); while for the latter case, the GR wave speed is not defined.  The 

significance of the existence of GR wave speed for earthquake faulting along 
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faults separating bimaterial can be found in the literature (Ben-Zion 2001; 

Ranjith and Rice 2001; Rice, Lapusta, et al. 2001) and has been discussed in 

Chapter 3.  The mesh size used was equal to 50 m. 

 

Interestingly enough, if we take the dimension of the mesh size as the primary 

slip surface width and consider the ratio of the width of the low-velocity zone 

to this dimension, we reached values around 100, which are expected from the 

field observations.  This observation gives us confidence in the similarity of the 

numerical results of this work to real earthquake faulting.  Their study 

concentrated on the identification of attainable rupture velocities and on the 

observation of rupture directionality in different material combinations and 

configurations.  Let us first denote the ratio of the shear wave speed of the host 

rock to that of the fault core (low-velocity zone) by rS.  For cases where rS = 1.2 

both ruptures propagating in the positive and negative directions do so at a 

speed close to the shear wave speed of the low-velocity zone; for the cases 

where rS = 1.5 the positive rupture propagates at a speed slightly faster than the 

shear wave speed of the low-velocity zone, while the negative rupture can 

propagate at a supershear speed.  Finally it should be noted that Harris and Day 

did not produce pulse-like ruptures in none of their simulations on faults with a 

core structure 

 

The work by Ben-Zion and Huang (Ben-Zion and Huang 2002) examined the 

possibility of developing a self-sustained, wrinkle-like mode pulse (i.e., Heaton 

pulse) during rupture growth in a tri-layer system composed of two semi infinite 

pieces of intact rock surrounding a finite width LVZ.  Their frictional law is of 

the Prakash-Clifton type with a const coefficient of static friction.  They found 

that if there is a finite fault core, rupture along one of the two interfaces between 

the core and the host rock may take the form of a self-sustained pulse.  The pulse 
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strength is modulated by regular oscillations with period proportional to the 

width of the core and is amplified at a certain range of such widths.  This 

oscillation is also found by Harris and Day (Harris and Day 1997) using the slip-

weakening friction law.  Ben-Zion and Huang used a mesh size of 0.25 m, while 

the width of the low-velocity zone to mesh size ratio varies from 20 to 1000 in 

their simulations.  It is interesting to note that they only monitored the rupture 

propagation in the positive direction.  As we discussed in Chapter 3, this is 

probably due to the choice of frictional law.  Indeed if the frictional resistance is 

not allowed to vary with slip or slip rate, there seems to be a strong preference 

for positively growing ruptures along bimaterial interfaces.  This preference may 

indeed persist even in the case of rupture growing at either interfaces between a 

finite width LVZ and the host rock since the rupture tips of such ruptures are 

locally bimaterial in nature.   In this chapter, we will show in our experiments that 

experimentally observed ruptures are bilateral and a pulse mode may appear only 

in the negative direction. 

 

A few reasons have been proposed as being responsible for the occurrence of 

pulse-like rupture modes of rupture.  These include the choice of frictional laws, 

the existence of bimaterial contrast across the fault as well as the existence of 

fault strength inhomogeneities.  Rice and his coworkers suggested that assuming 

certain frictional law of the slip rate weakening type, pulse-like earthquake faulting 

is attainable (Zheng and Rice 1998).  In addition to the nature of frictional laws, 

geometrical effects are also thought to govern the occurrence of pulse modes of 

rupture.  In particular some researchers believe (Miyatake 1992; Nielsen, Carlson, 

et al. 2000) that spatial heterogeneities (e.g., asperity distribution) that are present 

on fault planes set the local length scale that promotes slip pulse formation and 

determines slip duration.  Finally the existence of bimaterial contrast is a 

candidate reason for the promotion of pulses.  As described by Ben-Zion (Ben-
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Zion 2001), the interaction between slip and normal stress allows ruptures to 

grow in a pulse-like mode under shear stress conditions that are low compared to 

the nominal frictional strength of the interface.  The resulting pulse-like ruptures 

have properties that are compatible with the inferences of short rise-time 

earthquake slip (Brune 1970; Heaton 1990; Yomogida and Nakata 1994) and have 

low levels of frictional heat generation.  The experiments proposed here are 

primarily aimed towards the study of the mechanically triggered rather than the 

heterogeneity or frictional law caused pulses.  Much like the numerical studies of 

Ben-Zion and Huang and of Harris and Day, our experiments will study the 

effect of the presence of low velocity zones of various widths. 

  

Although the characteristics of slip pulses have been the subject of recent 

analytical and numerical activity, these pulses have not been conclusively 

visualized in a laboratory setting.  An exception to this rule may be provided by 

experimental indications discussed by Brune and his co-workers (Brune, Brown, 

et al. 1993; Anooshehpoor and Brune 1999).  Using their foam rubber model, 

Brune and Brown, et al. suggested that the pulse-like earthquake faulting is 

possible even for the homogeneous case.  We need to be very careful with these 

results because of the choice of foam rubber as the model material.  The large 

deformation behavior of this solid makes it an inappropriate models material for 

processes that is occurring in very stiff crustal rock. In addition, the normal 

pressure in their experiment was exerted by the weight of the top foam block, 

and hence the stress was not uniform across the depth.  Finally the material 

properties of the foam are sensitive to pressure and as a result, the fault model is 

not homogeneous (different properties exist in the tension and compression sides 

of interfacial shear).  For similar reasons caution should be exercised in the 

interpretation of the results obtained by Anooshehpoor and Brune in which they 
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claimed that they observed pulse-like earthquake faulting in a bimaterial fault 

system. 

 

4.2 Experimental Set-up 

The schematic drawing of the laboratory fault model with a finite fault core is 

shown in Figure 4.1.  

 

Figure 4.1 The laboratory fault model with a fault core. 

The fault core has a width of b and the other two identical plates are cut of a 6" 

by 6" plate.  The out of plane thickness of the composite plate is equal to 3/8".  

This fault model can be thought as a fault core embedded in infinite host rock 

because we only record the earthquake rupture process before the waves are 

reflected back from the specimen boundaries.  There are two parallel interfaces 

formed by the host rock and the fault core, as shown in Figure 4.1; we only 

trigger rupture in one of them.  The sliding interface is referred to as the 

primary slip zone and the other interface is referred to as the secondary slip 

zone in real faults (This interface never ruptured during our experiments.).  We 
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use Homalite 100 as the host rock, which is material 2 in Figure 4.1, and 

Polycarbonate as the fault core, which is material 1 in Figure 4.1.  Homalite has 

a shear wave speed C  = 1200 m/s and a longitudinal wave speed =2,498 

m/s.  Polycarbonate has a shear wave speed =960 m/s and a longitudinal 

wave speed C =2,182 m/s.  The shear wave speed ratio of Homalite to 

Polycarbonate is r

1
S

1
PC

2
SC

2
P

S =1.25.  This case lies between the two cased studied by 

Harris and Day and closer to the smaller (rS=1.2) case.  As we have discussed in 

Chapter 3, the GR wave speed is defined for the material combination of 

Polycarbonate and Homalite.  Hence our experimental results can be compared 

with the one of then numerically studied cases (rS=1.2).  The width of fault core 

b ranges from 1/8" to 1/2".  The primary slip surface width, which is twice the 

average asperity height in our case, is around 50 µm.  The ratio of the fault core 

width to the width of the primary slip zone ranges from 63.5 to 254.  This range 

is consistent with field observations. 

 

The loading direction is vertical and the fault core is inclined at an angle α to 

the horizontal axis.  In our experiments, we can vary the loading level, the 

inclination angle, and the fault core width b.  We use the exploding wire 

technique to trigger the earthquake faulting at the simulated hypocenter 

location.  The details of the principles of the exploding wire technique can be 

found in Chapter 1.  Interestingly, if we trigger the earthquake along one 

interface, it never jumps to the other one.  This may be obvious since the shear 

waves emitted from the rupture tips are unloading waves as far as the second 

interface is concerned.  Rupture jumping is possible only if we deliberately 

arrest the faulting on the first interface; the stress will accumulate around the 

stop location and thus it may be large enough to trigger earthquake faulting in a 

nearby fault.  This is called a dynamic triggering problem (Brodsky, Karakostas, 
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et al. 2000; Gomberg, Bodin, et al. 2003).  Rutpure jumping or dynamic 

triggering is possible in the real world because there are barriers along the faults 

and fault systems that are usually made up of several faults in parallel.  The 

jumping happened for the Landers and Hector Mine earthquakes (Wald and 

Heaton 1994; Ji, Wald, et al. 2002).  

 

4.3 Experimental Results 

We vary the angle of inclination α, the magnitude of uniaxial pressure P, and 

the width of the fault core b in our experiments.  In the following, we will 

present experimental evidence of the occurrence of a pulse mode of rupturing, 

the effect of varying the fault core width b on faulting, and the effect of the 

magnitude of far-field loading P on faulting.  The experimental results show 

that for high enough pressure and a high enough angle α, the self-healing pulse-

like mode of rupturing is possible in the opposite direction of earthquake 

rupturing. 

 

4.3.1 The Effect of Fault Core on Faulting and On Wave Propagation 

Characteristics 

In order to qualitatively demonstrate the effect of the presence of a low velocity 

fault core qualitatively, in Figure 4.2, we show photographs taken from four 

experiments with the same inclination angle α (17.5°), under the same uniaxial 

loading (13 MPa), and at the same time instance after triggering for two 

different types of material configurations.  

 

In specimens to the left (Figure 4.2 A and C) are composed of identical 

constituents (Polycarbonate host rocks and fault core) while the specimens to 

the right (Figure 4.2 B and D) are composed of different constituents (Homalite 

host rock and Polycarbonate fault core).  In both cases ruptures are initiated at 
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one interfaces corresponding to the primary slip interface.  Two core widths are 

shown.  The top two (Figure 4.2 A and B) feature a wide (1/2") core while in 

the bottom two (Figure 4.2 C and D) the core is half that width.  

 

 

Figure 4.2 Photographs taken at the same time instant after the 
triggering for experiments with and without fault core.  Arrows 

indicate rupture tips. (P=13 MPa and angle α=17.5°) 

 

In Figures 4.2A and C there are no material contrast across the fault.  We can 

easily identify two ruptures propagating bilaterally along the interface where the 

hypocenter is located for each case.  The earthquake ruptures and the emitted 

waves are symmetric. The rupture propagated at a speed very close the Rayleigh 

wave speed.  It is interesting to note that the other interface for each case has 

no visible effect on the rupturing process within the resolution of the 
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diagnostics method.  In Figures 4.2B and D we can see that the shear wave 

fronts above and below the fault core feature different radii and the patterns 

unlike the previous case, lose their radial symmetry.  The shear wave front in 

the lower Homalite plate is delayed by the low-velocity zone or fault core made 

of Polycarbonate.  In these two cases the rupture velocities are close to the 

Rayleigh wave speed of Polycarbonate.  In Figure 4.2B we can also identify the 

“head” waves inside the fault core connecting the two shear wave fronts in the 

host rock.  This head wave is not clear in Figure 4.2D due to the limitation of 

the spatial resolution of the diagnostics method. 

 

4.3.2 Visualizing Crack-like and Pulse-like Ruptures 

In this section we present the first evidence of the creation of pulse-like 

ruptures in fault systems with a finite fault core.  Here we concentrate on 

specimens composed of Homalite plates (host rock) and Polycarbonate cores of 

two different widths (1/2" and 1/4").   In what we will see follow the problems 

geometrical (α, b) and load (P) parameters will be changed and the resulting 

rupture modes (crack-like or pulse-like) will be contrasted.  In the following 

figures, we indicate the shear wave fronts and the rupture tips by using white 

arrows.  Figure 4.3 contrasts two otherwise identical cases (P=17 MPa, b=1/4") 

featuring two different angles (α=22.5º for A and α=25º for B).  In Figure 4.3 A 

we see two distinct rupture tips, indicated by the single arrows, propagating to 

the right (negative direction) and to the left (positive direction) of the 

hypocenter.  As the angle is increased to 25º, the rupture to the right (negative 

direction) splits into two parts that are visible through the observation of two 

points of stress concentration.  These points are indicated by the two arrows 

and growing with speeds close to CGR.  Our interpretation of this split is as 

follows: the front tip separates the domain of sliding and sticking, while the 

trailing tip separates the domain of sliding and healing.  According to this 
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interpretation these two tips enclose a self-healing, propagating slip pulse, 

which is reminiscent of a Heaton pulse. 

 

Figure 4.3 Generating a pulse mode through angle increase. 
Lower insert is the magnification of left rupture tip and upper 

insert is for the magnification of right rupture tip. 

A similar phenomenon is illustrated in Figure 4.4.  This figure contrasts two 

otherwise identical cases (α=25º, b=1/2") that feature two different applied 

stresses (P=10 MPa for A and P=17 MPa for B).  Here again an increase of P 

results in the creation of a self-healing pulse propagating to the right along the 

negative direction.   

 

Figure 4.4 Generating a pulse mode through load increase.  
Lower insert is the magnification of left rupture tip and upper 

insert is for the magnification of right rupture tip. 
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It is clear from the above figures that higher angles and pressures facilitate the 

generation of a pulse-like rupture mode that propagates (in both cases) along 

the negative direction.  The rupture tip propagating along the positive direction 

always remains crack-like.  

 

4.3.3 The Birth and Growth of the Slip Pulse 

In order to demonstrate the nucleation and growth of a slip pulse, we present a 

time sequence of pictures (Figure 4.5) taken from a single experiment.  The 

inter-frame time is 3 µs while the first frame corresponds to 38 µs after 

triggering.  The uniaxial pressure is 17 MPa, the inclination angle is 25°, and the 

fault core width b=1/8" for this experiment.  As we can tell from the figures, 

the rupture in the positive direction (left) is always propagating at a speed close 

to the generalized Rayleigh wave speed of the system.  The rupture in the 

negative direction is a standard single rupture initially (Figure 4.5A to C) and 

starting from Figure 4.3D we can identify two rupture tips the same way as we 

have discussed above.   

 

An interesting observation is that the pulse length is approximately constant 

within the field of view of our experiment (~120mm).  The pulse propagates at 

a speed close to the generalized Rayleigh wave speed of the system.  The 

rupture tip history plot corresponding to this experiment is shown in Figure 4.6.  

The time-distance plot to the right clearly features a distinct point in which the 

rupture moving in the negative direction splits into two and becomes a stable 

pulse of constant width. 
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Figure 4.5 Photograph sequence from one experiment showing 
the birth of a self-sustained pulse (P=17 MPa, α=25°, b=1/8"). 
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Figure 4.6 The rupture tip history of the experiment shown in 
Figure 4.5 (P=17 MPa, angle α=25°, and b=1/8"). 

 

4.3.4 The Effect of the Fault Core Width b on Faulting 

To study the effect of the width of the fault core b on earthquake rupture mode 

selection, we contrast the isochromatic photographs of different experiments at 

the time instance after triggering with the same inclination angle (α=25°) and 

far-field uniaxial loading (P=17 MPa).  This is done in Figure 4.7. 

 

The three figures all features “left” propagating ruptures that are all crack-like 

and “right” propagating rupture that are pulse-like.  The width of the pulse-like 

ruptures is approximately 6.4 mm and is independent of the width of the fault 

core. 
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Figure 4.7 The effect of the width of the fault core b on 
earthquake faulting (Arrow indicates rupture tip).  A (b=1/2"), B 

(b=1/4"), C (b=1/8"). 

4.3.5 The Effect of the Far-field Loading P on Rupture Speeds 

To illustrate the effect of the far-field loading on earthquake faulting along 

faults with finite fault core, we show the isochromatic photographs taken at the 

time instance after the triggering with the same inclination angle (α=25°) and 

the same width of the fault core (b=1/8") in Figure 4.8.  The three cases 

correspond to various compressive loads P (13, 17 and 20 MPa). 

 

When the pressure level is low, as in Figure 4.8A, both the left and right 

ruptures are crack-like ruptures propagating at the Rayleigh wave speed of 

Polycarbonate (~900 m/s).  For both the intermediate and high pressure level, 

as in Figures 4.8B and C, the left rupture is a crack mode rupture propagating at 

the generalized Rayleigh wave speed of the system (959 m/s) this rupture never 
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exceed CGR.  The rupture to the right, on the other hand, transitions from a 

crack-like to a pulse-like mode in a manner similar to that shown in Figure 4.6.  

After transition both rupture tips propagate at speed closet to +CGR.  This 

suggests that high enough loading is needed for the nucleation and growth of 

both the regular +GR rupture in the positive direction and the sub-shear pulse-

like rupture in the opposite direction for given inclination angle, α. 

 

 

Figure 4.8 The effect of far-field loading on earthquake faulting 
along faults with a finite fault core (Arrow indicates rupture tip). 

A (P=13 MPa), B (P=17 MPa), C (P=20 MPa). 

 

4.3.6 The Sub-shear to Supershear Transition and the Birth of an Unstable 

Pulse 

In this section we report on an observation of rupture transition to supershear.  

In Figure 4.9, we present a time sequence of photographs of an experiment with 
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P=20 MPa, angle α=25° and d=1/8".  In this experiment, we applied the highest 

level of compression.  In all figures, the left ruptures are always crack-like and 

always grow at the generalized Rayleigh wave speed of the system.   The right 

ruptures on the other hand start as crack-like and soon develop into pulse-like 

rupture after a certain growth distance.  From Figure 4.9A-D, we can see that the 

width of the pulse is no longer constant but it increases with time.  This fact can 

be seen clearly from Figure 4.10. 

 

Figure 4.9 Photograph sequence from one experiment showing 
self-sustained pulse speed transition (P=20 MPa, angle α=25° 

and d=1/8"). A. 42 µs, B. 45 µs, C. 48 µs, D. 52 µs.  In C, lower 
insert is the magnification of left rupture tip and upper insert is 

for the magnification of right rupture tip.  
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Figure 4.10 The rupture tip history of the experiment shown in 
Figure 4.8 (P=20 MPa, angle α=25°, and b=1/8"). 

Figure 4.10 shows the rupture length plot of the experiment shown in Figure 

4.9.  After nucleation of the pulse-like rupture (growing in the negative 

direction), the trailing edge of the pulse remains at the generalized Rayleigh 

wave speed, while the leading edge propagates at a supershear wave speed close 

to the P wave speed of Polycarbonate.  This is consistent with the observation 

in Chapter 3 for bimaterial systems, where it was shown that a rupture tip 

moving in the negative direction transitions to a supershear speed close to –

PSLOW.  Since we have not observed this supershear phenomena for experiments 

with lower pressure, it seems that there exists a critical pressure for given core 

width b and inclination angle α, beyond which the leading edge of the slip pulse 

propagates at a supershear wave speed right after the nucleation of the pulse-

like mode.  We can not exclude the possibility that there is a jump in rupture 

speed of the leading edge from the generalized Rayleigh wave speed to a 

supershear speed close to –PSLOW as we have shown in previous chapters.  As in 
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the bimaterial case, the crack-like rupture propagating in the positive direction 

remains insensitive to the load level.  The load however, greatly affects both 

mode and speed of the rupture growing to the right (positive direction).  Here 

again we have the notion of a critical length or lengths of rupture growth after 

which the two transitions occur.  One transition is a transition of mode and the 

other is a transition of speed.  In the examples that we presented both of these 

transitions occurred simultaneously.  The existence of this critical transition 

length provides a connection between large earthquake and growth in the 

negative direction. 

 

Finally, the experimental results are summarized in Table 4.1. 

Table 4.1 Summary of Experimental Results 

α(°) b(") P(MPa) Pulse-like Left Rupture Right Rupture3 
25 1/8 20 Yes ~C  

GR
~C  2

P

25 1/8 17 Yes ~C  
GR

~C  
GR

25 1/8 13 No ~C  
GR

~C  
GR

25 1/4 17 Yes ~C  
GR

~C  
GR

25 1/4 13 No ~C  
GR

~C  
GR

25 1/2 17 Yes ~C  
GR

~C  
GR

25 1/2 10 No ~C  
GR

~C  
GR

22.5 1/8 17 Yes ~C  
GR

~C  
GR

22.5 1/8 13 No ~C  
GR

~C  
GR

22.5 1/4 17 No ~C  
GR

~C  
GR

22.5 1/4 13 No ~C  
GR

~C  
GR

20 1/2 13 No ~C  
GR

~C  
GR

20 1/4 13 No ~C  
GR

~C  
GR

20 1/8 13 No ~C  
GR

~C  
GR

17.5 1/2 13 No ~C  2
R

~  2
RC

17.5 1/4 13 No ~C  2
R

~  2
RC

                                                 
3 There are two edges of the pulse-like rupture; the trailing pulse always propagates at CGR.  The listed values 

are rupture velocities of the leading rupture. 
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4.3.7 Comparison of Experiments with Available Numerical Results 

There are no good field examples available for us to compare with our 

experiments.   In addition the two existing numerical simulations (Harris and 

Day 1997; Ben-Zion and Huang 2002) relevant to our configurations are seem 

too primitive to provide complete explanations of the host of behaviors that we 

observed experimentally.  However in this section we will attempt to perform 

some rudimentary comparisons. 

 

There are indeed some similarities of our results to those of Harris and Day 

(Harris and Day 1997) for the case rs=1.2 where generalized Rayleigh wave 

speed in defined.  In this case the numerical results predict rupture moving in 

the positive direction that feature speed close to +CGR.   Along the negative 

direction both the numerical simulations and our experiments show that the 

supershear ruptures are possible.  It is noteworthy to observe that such 

supershear rupture appear only in the negative direction.  The supershear 

rupture velocity in both studies consistently points to the P wave speed of the 

slower fault core.  The main difference consists in that we observed pulse-like 

ruptures along this direction whose leading edge propagates at a supershear 

speed.  In contrast they only report the occurrence of strictly crack-like 

supershear modes.  A closer look at the nature of the frictional law used by 

them may provide an explanation for the discrepancy.  

 

The main difference between our results and Ben-Zion and Huang’s numerical 

results is that the experimentally identified pulse-mode of rupture propagates in 

a different direction from what they suggested(Ben-Zion and Huang 2002).  

They only suggested the pulse-like rupture propagating in the positive direction 

while we did not have clear evidence to support that.  The reason for these 
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discrepancies also remains obscure.  Perhaps the choice of frictional law will 

provide the clue for that.  

 

4.4 Conclusions and Discussions 

In order to address the effect of the existence of a finite fault core on 

earthquake faulting, we have designed a laboratory fault model composed of 

two materials with different characteristic wave speeds.  We use the material 

with the faster speeds to simulate the host rock and the material with the lower 

wave speeds to mimic the fault core.  

 

We performed a series of experiments to understand the influence of 

geometrical and loading parameters involved in the problem (the inclination 

angle α, far-field loading P, and the fault core width b) on rupture mode and 

speed history.  The results show that larger inclination angles, higher far-field 

loading and smaller fault core width facilitate the generation of faster speed 

ruptures and the birth of pulse-like ruptures that grow along the negative 

direction.  In contrast, along the positive direction, our experiments consistently 

predict a crack-like rupture propagating at +CGR irrespective of parameter 

values. 

 

The observed pulse-like mode of rupturing and its speed transition behavior are 

two new experimental results that question the validity of existing theoretical 

concepts that have emerged through numerical modeling.  The discrepancies of 

the results of these models to the experiments will stimulate the search for 

more physically sound dynamic friction laws 
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C h a p t e r  5  

Summary and Future Work 

Spontaneous rupture along incoherent (frictional) interfaces is the closest model 

for real earthquakes.  In my thesis work, I designed a unique experimental set-

up to investigate the dynamic process during spontaneous ruptures.  Using this 

set-up, I have studied spontaneous earthquake ruptures in homogeneous faults, 

inhomogeneous faults, and faults with a finite core.  Several interesting 

phenomena have been observed for the first time.  These include the 

observation of spontaneous generated supershear ruptures, of the subRayleigh 

to supershear rupture transition, directionality in inhomogeneous faults, of the 

generalized Rayleigh wave speed ruptures, and of pulse-like ruptures.  These 

laboratory observations have been used to explain a number of field 

observations and, are able to settle several long-standing debates in the field of 

the physics of naturally occurring earthquakes.  This experimental set-up can 

also be used to address other issues in the field of earthquake dynamics; a few 

examples will be discussed in the section on future work. 

 

5.1 Summary of the Thesis Work 

There are three important components that are characteristics of naturally 

occurring earthquakes: a pre-existing fault, proper tectonic loading, and a 

certain triggering mechanism.  Not all of these components have been fully 

considered in previous laboratory earthquake studies.  In our laboratory 

earthquake model, we simulated the fault using the frictional contact between 

two polymer plates.  We used uniaxial compression provided by a hydraulic 

press to mimic the far-field tectonic loading.  As a special design of the whole 
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study, we applied an exploding wire technique to trigger the dynamic 

earthquake faulting by providing a local release of pressure at pre-determined 

location on the simulated fault.  We controlled the magnitude of the explosion 

to ensure that it is negligible compared to the static loading and hence the 

rupture process is spontaneous in nature. 

 

Our laboratory earthquake set-up has several advantages over more traditional 

set-ups used in experimental seismology.  First, it addressed the triggering 

mechanism explicitly.  The triggering design was shown to be very controllable 

and negligible in controlling the kinetics of during the rupturing process and it 

is also a very convenient way to trigger the high speed diagnostic system.  

Secondly, we have used a state-of-art diagnostics and full-field method that 

feature high spatial and temporal resolution.  Traditional diagnostic methods, 

such as strain gauges and transducers, can be easily incorporated into a model 

to provide additional data sets as shown in the section on future work.  Finally, 

we are able to trigger the rupture within the typical length scale of a laboratory 

specimen (~ 150 mm) because of the choice of the polymer as the material of 

choice.  There are two reasons to use the polymer as model material: (a) it is 

birefringent as required by the diagnostics and (b) it is more compliant than 

rock so that the critical length of rupture nucleation is short (< 10 mm) for the 

loading levels used (~ 10 MPa).  Being brittle it is aslo very well described yb 

the linear theory of elasticity and features infinitesimal deformations prior to the 

onset of rupture.  This is a condition that allows us to perform desired 

comparison with both field data and available analysis. 

 

Using the experimental set-up and diagnostics, we have made the following 

discoveries: 
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1. For spontaneous earthquake type rupture along an interface separating 

similar materials, we observed supershear and the subRayleigh to 

supershear transition (Chapter 2).  Supershear ruptures (speed faster than the 

shear wave speed of the material) were observed to propagate at a speed close 

to the longitudinal speed of the material.  This observation provided the first 

conclusive evidence of a supershear laboratory earthquake rupture.  We also 

observed that a subRayleigh rupture (speed slower than the Rayleigh wave 

speed of the material) jumped to a supershear speed after a finite distance of 

propagation.  This transition mechanism confirmed the Burridge-Andrews 

mechanism, also known as the Mother-daughter crack model.  This transition 

mechanism, which has never been observed experimentally before, serves as a 

physical rationalization of creation for supershear ruptures during 

spontaneously occurring earthquake ruptures, which always start at a 

subRayleigh speed.  We have discussed some relevant field evidence supporting 

supershear rupture and the subRayleigh to supershear transition. 

 

2. For spontaneous rupture between dissimilar materials, we observed 

ruptures propagating bilaterally at different speeds, one at the 

Generalized Rayleigh wave speed and the other at either subRayleigh or 

supershear speed (Chapter 3).  Spontaneous ruptures were observed 

propagating approximately at generalized Rayleigh wave speed in the same 

direction as that of slip of lower velocity solid.  In the opposite direction, we 

observed either subRayleigh or supershear ruptures depending on the loading 

condition.  Here we provided the first conclusive, experimental evidence 

supporting theoretical and numerical results by Rice, Harris, and their 

coworkers.  Using our experimental observation, we tried to explain the seismic 

history on the North Anatolian Fault.  With proper assumption of the material 

contrast, we rationalized the seemingly contradicting observations. 
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3. For spontaneous rupture along faults with a finite fault core (low-

velocity zone), we have observed and described, for the first time, the 

occurrence of a self-healing “Heaton” pulse (Chapter 4).  We simulated the 

fault core using a material with wave speeds that are lower than the material 

used to simulate the host rock.  This is the first experimental attempt to study 

this fault geometry.  When the loading level is low, both ruptures in the positive 

and opposite directions are subshear ruptures.  At high enough loading, a 

Heaton pulse was found to be nucleated and to propagate in the negative 

direction, which is a direction different from that suggested by existing 

numerical simulations.  This pulse became supershear as the load was increased 

drastically.  The rupture propagating along the positive direction always 

remained crack-like and grew at the generalized Rayleigh wave speed.  This 

observation can be used to validate available friction models.  We propose to 

construct a frictional model that is able to reproduce our experiment, before we 

apply it to numerical simulations in a geological length scale. 

 

 

5.2 Future Work 

In the previous section, we showed several exciting experimental results 

obtained by using our set-up.  These results however only represent the first 

step towards the full understanding of the physics of earthquakes and it is time 

for us to make substantial progress.  So far, we have only studied straight faults 

that are homogeneous in strength.  We have also only recorded the transient 

stress field associated with the rupturing process.  The following proposed 

projects are intended to loosen these constraints.  
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5.2.1 Effect of Inhomogeneities of Fault Strength on Faulting (Barrier 

and Asperity) 

Based on the seismological observation, the barrier and asperity model were 

proposed by Das and Kanamori respectively (Das, Boatwright, et al. 1988).  In 

order to check the influence of barrier and asperity on rupturing, we will use 

simulated barriers and asperities in the laboratory fault model.  The laboratory 

fault model itself can be homogenous, inhomogeneous, or sandwich.  We will 

apply glue and lubricant to small patches of the fault.  Patches with glue 

correspond to barriers and patches with lubricant correspond to asperities 

(Figure 5.1).  Transducers will also be used to obtain seismic waves; we will 

check the signature of barriers and asperities on seismic waves. 

 

 

Figure 5.1 Fault model with barriers and asperities. 

 

5.2.2 Effect of Fault Steps on Faulting (Dynamic Triggering and Rupture 

Arrest) 

Natural faults usually have some steps or jogs.  Depending on the force 

produced during the earthquake faulting, there are two types of steps, namely 

dilatational and compressive (Figure 5.2).  The propagating earthquake rupture 

may be facilitated or delayed at steps (Sibson 1985; Harris and Day 1993).  The 
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jumping of a rupture to a neighboring fault (no fault connecting them), which is 

sometimes called dynamic triggering, can also be studied. 

 

 

Figure 5.2 Faults with steps. 

 

5.2.3 Direct Measurements of Slip History 

 

 

Figure 5.3 Schematic of the measurement of slip history 

The direct measurement of the slip history at points close to the fault and at a 

very high frequency is very important to the understanding of the rupturing 

process; it also provides a link of the laboratory earthquake to the real 
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earthquake, through the comparison of  slip data measured in the laboratory 

and that measured by high speed (up to 1 Hz) Global Positioning System (GPS) 

(Larson, Bodin, et al. 2003).  An In-Plane Velocity Meter (IPVM) is currently 

available in our laboratory. 

 

IPVM can remotely measure the in-plane velocity of a small optical marker 

(reflector) attached onto the specimen surface (see Figure 5.3) at high spatial 

and temporal resolutions.  Using this method, we would be able to directly 

check the rupture mode, i.e. pulse-like or crack-like and to obtain signatures of 

“ground” velocity and acceleration at various locations away or adjacent to the 

fault. 

 

5.2.4 Direct Measurements of Transient Temperature Increase (Heat 

Production and Flash Heating) 

The heat production during earthquakes has been a long-standing problem in 

the community of geophysics.  The paradox of heat flow in the San Andres 

Fault is still not resolved (Lachenbruch and Sass 1980).  A remote, high speed 

thermometer, uses the principle of radiation, can be applied to measure the 

transient temperature increase during earthquakes. A high speed infrared 

camera capable of 1 million frames per second, which has recently been 

developed by Prof. Rosakis and Ravichandran would be perfect for this task.  

The experimental set-up is similar to that shown in Figure 5.3.  This experiment 

can also be used to check the idea of flash heating, proposed by Rice to explain 

the low dynamic frictional resistance during natural earthquakes. 

 

5.3 Conclusion 

In summary, inspired by the success of laboratory earthquake experiments 

during my Ph.D. study, I have proposed several problems that can be 
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investigated in the near future.  I strongly believe that it is time for us to make 

significant progress in the direction of laboratory earthquakes.  We can combine 

all these measurements together with cooperative efforts from numerical and 

theoretical researchers to obtain a better physical picture of the faulting process. 
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