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Abstract 

 

The process of spontaneous dynamic frictional sliding along the interface of two elastic 

solids is of great interest to a number of disciplines in engineering and sciences.  Applica-

tions include frictional rupture processes in earthquakes, delamination of layered com-

posite materials, and sliding between soft membranes in biological systems.  The tran-

sient nature of rupture dynamics presents an array of fascinating yet challenging ques-

tions, including the nucleation process, the mechanism of interface failure, and the speed 

and mode of rupture propagation.  

 

This thesis presents such a combined experimental and theoretical study aimed at under-

standing the conditions for selecting pulse-like vs. crack-like rupture modes and subshear 

vs. supershear rupture speeds.  There are two major contributions in this work.  The first 

one is high-resolution experimental study of the rupture modes on a frictional interface.  

The study presents first experimental observations of spontaneous pulse-like ruptures in a 

homogeneous linear-elastic setting that mimics crustal earthquakes, reveals how different 

rupture modes are selected based on the level of fault prestress, demonstrates that both 

rupture modes can transition to supershear speeds, and advocates, based on comparison 

with theoretical studies, importance of velocity-weakening friction for earthquake dy-

namics.  The second major contribution is the numerical modeling of the rupture experi-

ments that reveal the importance of the rupture nucleation mechanism and friction formu-

lations.  The modeling of sub-Rayleigh to supershear transition has demonstrated the in-



vii 
fluence of rupture nucleation mechanism on supershear transition distance, as well as on 

the mechanism of supershear transition.  The modeling of pulse-like to crack-like rupture 

mode transition has confirmed the necessity of velocity weakening friction for producing 

pulse-like rupture to match the experimental observations.   
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Chapter 1 

Introduction 

 

 

Destructive large earthquakes occur as dynamic frictional ruptures along pre-existing in-

terfaces (or faults) in the Earth’s crust.  Inversions of seismic and other field observations 

have significantly advanced our understanding of earthquake ruptures. At the same time, 

detailed inversions are often impossible due to limited data availability or due to limited 

knowledge of the structure and properties of the crust.   

 

This reality highlights the need for combined experimental and theoretical studies that 

both record dynamic rupture phenomena in highly-instrumented experiments and analyze 

the experimental findings through numerical models to understand implications for fault 

friction and rupture dynamics.  To illuminate relevant dynamic processes, the laboratory 

experiments should reproduce enough of the basic physics governing rupture dynamics of 

crustal earthquakes.   However, the experiments should preserve enough simplicity so 

that clear conclusions can be obtained either by direct observation or through numerically 
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tractable models.  One example of such experiments is the work of Xia et al. (2004) 

which has demonstrated for the first time the ability of spontaneous dynamic ruptures to 

transition from sub-Rayleigh to supershear speeds.   

 

This thesis presents such a combined experimental and theoretical study aimed at under-

standing the conditions for selecting pulse-like vs. crack-like rupture modes and subshear 

vs. supershear rupture speeds.  In Chapter 2, a numerical model of the experiments by 

Xia et al. (2004) is developed to understand the effect of the experimental rupture initia-

tion procedure on supershear rupture transition.  The model is based on linear slip-

weakening friction to enable comparisons with prior studies.  In Chapter 3, we adopt and 

further develop the experimental setup of Xia et al. (2004), and then use it to study pulse-

like and crack-like rupture modes.   We show that our experimental results are consistent 

with theories of ruptures on interfaces governed by velocity-weakening friction.  In 

Chapter 4, the numerical model of Chapter 2 is used with both slip-weakening and veloc-

ity-weakening friction formulations in an effort to reproduce the experimentally observed 

pulse-like and crack-like rupture modes presented in Chapter 3.  We find that linear slip-

weakening friction cannot produce pulse-like modes, even in the presence of the dynamic 

nucleation procedure used in experiments, while velocity-weakening friction can indeed 

reproduce both pulse-like and crack-like modes, as expected from our analysis in Chapter 

3.  At the same time, the particular form of velocity-weakening friction considered in 

Chapter 4 has difficulty in reproducing the full range of experimental observations.  The 

discussion in Chapter 5 contains several ideas on how to improve the experimental setup, 
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the interpretation of the experimental results, and the corresponding numerical models 

and friction formulations. 

 

Rupture transition from sub-Rayleigh to supershear speeds (also called “supershear tran-

sition”) has been the subject of many theoretical and numerical investigations dating back 

to the early 70’s (Burridge 1973; Andrews 1976; Das and Aki 1977; Burridge et al. 1979; 

Freund 1979; Day 1982; Broberg 1989; Needleman and Rosakis 1999; Abraham and 

Gao, 2000; Madariaga and Olsen 2000; Gao et al. 2001; Geubelle and Kubair 2001; 

Dunham and Archuleta 2005; Festa and Vilotte 2006; Rosakis et al. 2007 and references 

therein; Liu and Lapusta 2008; Shi et al. 2008). The occurrence of this phenomenon has 

been inferred from seismic observations of large earthquakes (Archuleta 1984;  Olsen et 

al. 1997; Bouchon et al. 2001; Bouchon and Vallee 2003; Dunham and Archuleta 2004; 

Ellsworth et al. 2004; Robinson et al. 2006; Das, 2007), and the possibility of such transi-

tion has been confirmed in the laboratory (Rosakis et al. 1999; Rosakis 2002; Xia et al. 

2004; Lu et al. 2007; Rosakis et al. 2007).  In particular, Xia et al. (2004) reported the 

first direct observations of supershear transition in rupture experiments designed to mim-

ic crustal earthquakes.  Studies of supershear transition have important practical implica-

tions.  Supershear ruptures can cause much stronger shaking far from the fault than sub-

sonic ruptures (Aagaard and Heaton, 2004; Bernard and Baumont 2005; Dunham and 

Archuleta 2005; Bhat et al. 2007), as Mach fronts generated by intersonic ruptures carry 

large stresses and particle velocities far from the fault.  In addition, understanding which 

fault properties and conditions do and do not favor supershear transition allows to con-

straint properties and conditions on real faults. 
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Motivated by the experiments of Xia et al. (2004), in Chapter 2 we consider the effect of 

rupture nucleation conditions and friction parameters on supershear transition of Mode II 

ruptures on interfaces governed by linear slip-weakening friction.  In Xia et al. (2004) the 

experiments were analyzed using the Burridge-Andrews (Burridge 1973, Andrews 1976) 

model of supershear transition, in which a supershear daughter crack is nucleated in front 

of the main mother rupture.  In particular, the experimentally determined transition dis-

tances were compared with the ones from the Burridge-Andrews model and by a subse-

quent analysis which was based on micromechanical considerations.  It was concluded 

that the critical slip of the linear slip-weakening formulation needs to be pressure-

dependent for a good match with experiments.  However, the rupture initiation mecha-

nism in the experiments was conceptually different from the one adopted in the numerical 

work used for comparison.   

 

We numerically model the experiments of supershear transition with a rupture initiation 

procedure intended to closely capture the dynamic nature of the wire explosion mecha-

nism used in the experiments to induce rupture initiation.  A spectral boundary-integral 

method (BIM) is adopted because of its efficiency and accuracy in solving dynamic slid-

ing problem in homogeneous interface.  Our goal is to find parameter regimes that would 

match the experimentally observed transition distances for the entire range of experimen-

tal conditions.  Two regimes of friction parameters are considered, with different seismic 

ratios that result in significantly different nondimensional transition distances of earlier 

studies.  Our simulations show that, for the two regimes under consideration, the dynamic 
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rupture initiation procedure significantly affects the resulting transition distances, short-

ening them by about 30%-50% compared to those predicted through the smooth rupture 

initiation process.  Moreover, for some cases, the dynamic initiation procedure changes 

the very mode of transition, causing a direct supershear transition at the tip of the main 

rupture instead of the mother-daughter mechanism.   We find reasonable parameter re-

gimes which match experimentally determined transition distances with both direct su-

pershear transition at the rupture tip and the Burridge-Andrews (mother-daughter) me-

chanism, using both pressure-independent and pressure-dependent critical slip.  The re-

sults show that there are trade-offs between the parameters of the rupture initiation pro-

cedure and the properties of interface friction.  This underscores the importance of quan-

tifying experimental parameters for proper interpretation of the experiments and high-

lights the importance of the rupture initiation procedure, in simulations of both experi-

ments and real-life earthquake events. 

 

Our simulations in Chapter 2 use linear slip-weakening friction to enable comparison 

with earlier studies.  This friction law is widely used in simulations of frictional ruptures.  

However, accumulating experimental, observational, and theoretical findings discussed in 

the following paragraphs suggest that friction is intrinsically velocity-dependent.  In fact, 

most friction laws formulated based on laboratory experiments and theories of frictional 

resistance combine velocity dependence of friction with transient and slip-dependent ef-

fects  (Dieterich, 1979, 1981; Ruina, 1981).   At the same time, the simplified friction 

model of linear slip-weakening friction is convenient, easy to implement, produces re-

sults that can be compared to classical theoretical developments, and captures one of the 
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essential features of frictional resistance that leads to dynamic rupture, namely the de-

crease of friction during sliding.  It is important to understand whether the linear slip-

weakening formulations of friction are adequate to describe all basic rupture phenomena, 

or whether inclusion of velocity-dependent features is necessary. 

 

One research topic that can help us determine whether velocity dependence of friction is 

important to include in rupture modeling, or whether linear slip-weakening description is 

adequate, is the issue of pulse-like vs. crack-like rupture modes.  Numerical simulations 

in models that involve homogeneous elastic and interface properties and velocity-

independent fault strength result in the crack-like mode of earthquake propagation, in 

which the duration of slip at each point on the fault is comparable to the overall rupture 

duration (Andrews 1976; Kostrov 1966; Ida 1972; Madariaga 1976; Harris and Day 

1993). However, seismic inversions indicate (Heaton 1990) that ruptures on real faults 

may propagate in the pulse-like mode, in which slip duration at a point is much shorter 

than the overall rupture duration.  Theoretical and numerical studies have shown that the 

issue of rupture modes may have important implications for fault constitutive laws, stress 

conditions on faults, energy partition and heat generation during earthquakes, scaling 

laws, and spatio-temporal complexity of slip (Beele and Tullis 1996; Ben-Zion 2001; Shi 

et al 2008; Heaton 1990; Cochard and Madariaga 1994; Perrin et al. 1995; Cochard and 

Madariaga 1996; Zheng and Rice 1998; Nielsen et al 2000; Nielsen and Madariaga  

2003). Pulse-like ruptures have been obtained in a number of numerical simulations that 

include significant weakening of interface friction with sliding velocity (Beele and Tullis 

1996; Shi et al 2008; Cochard and Madariaga 1994; Perrin et al. 1995; Cochard and Ma-
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dariaga 1996; Zheng and Rice 1998; Nielsen et al 2000; Lapusta and Rice 2004).  This 

implies that fault friction may be characterized by significant velocity weakening, a con-

clusion further supported by a number of recent rock experiments and theoretical studies 

that have uncovered strongly velocity-weakening friction at seismic slip velocities (Tsut-

sumi and Shimamoto 1997; Tullis and Goldsby 2003; Di Toro et al 2004; Rice 2006). 

Other explanations for the occurrence of pulse-like ruptures include interaction of rupture 

with fault geometry or local heterogeneities (Day 1982; Johnson 1992; Beroza and Mi-

kumo 1996; Olsen et al 1997; Day et al 1998), and normal stress variation due to differ-

ence in material properties across the interface (bimaterial effect) (Andrews and Ben-

Zion 1997; Cochard and Rice 2000; Ben-Zion 2001). Which mechanism dominates in 

real earthquakes remains an open research question.   

 

In Chapter 3 we adopt and further develop the experimental setup of Xia et al (2004) to 

investigate conditions leading to the selection of pulse-like vs. crack-like rupture modes 

in a setting which mimics crustal earthquakes.  The geometry, loading, and nucleation 

mechanism are essentially two-dimensional (2D). This configuration is relevant for un-

derstanding the dynamics of large strike-slip earthquakes which are dominated by in-

plane sliding and constitutes an experimental equivalent of 2D in-plane or Mode II nu-

merical models of dynamic rupture which are common in earthquake studies (Andrews 

1976; Das and Aki 1977; Beeler and Tullis 1996; Andrews and Ben-Zion 1997, Cochard 

and Rice 2000; Ben-Zion 2001; Festa and Vilotte 2006; Shi and Ben-Zion 2006; Liu and 

Lapusta 2007; Shi et al 2008).   
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In our experiments presented in Chapter 3, there are no heterogeneities in interface prop-

erties or prestress and no bimaterial effect.  Our goal is to determine whether pulse-like 

ruptures can occur in such a homogeneous configuration and if so, what controls the se-

lection of rupture modes.  The only prior experimental study of different rupture modes 

under similarly homogeneous conditions was done with strong impact loading and inter-

faces with no shear prestress (Lykotrafitis et al. 2006).  However, those loading condi-

tions are quite different from the ones on tectonically loaded faults in the Earth’s crust.  

In the present study, we use an experimental configuration with an interface prestressed 

both in compression and in shear (Xia et al. 2004), simulating a tectonically loaded fault, 

and combine it with experimental diagnostics that lets us conclusively determine the 

mode and speed of rupture propagation (Lu et al. 2007; Lykotrafitis et al. 2006; Rosakis 

2002).   

 

By systematically varying fault prestress, we observe pulse-like and crack-like ruptures, 

and systematic transition between them, as described in Chapter 3.  Our results are con-

sistent with the theoretical study of Zheng and Rice (1998) who considered velocity-

weakening interfaces and showed that selection of rupture modes depends on fault pre-

stress and velocity-weakening properties of faults.  We also present the first experimental 

observations of pulse-like ruptures transitioning to supershear speeds.  A number of ex-

periments are conducted to investigate the influence of the rupture nucleation procedure 

and sample geometry.  Results show that the strength of the nucleation affects the peak 

sliding velocity, but not the rupture mode.  More importantly, our results indicate that 

there is no fault-normal stress reduction at the measurement location.  Hence the variation 
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in rupture modes and rupture speeds that we observe cannot be caused by the nucleation-

induced normal stress decrease, and velocity-weakening friction remains the most viable 

explanation.   

 

To study the effect of experimental setup on observed rupture modes reported in Chapter 

3, in Chapter 4 we conduct numerical modeling of the experiments using the model of 

Chapter 2.  Given the absence of bi-material effect and local heterogeneities, the experi-

mental results indicate the importance of velocity-weakening friction for producing 

pulse-like ruptures.  In fact, the comparison between experiments and theoretical analysis 

of velocity-weakening interfaces by Zheng and Rice (1998) results in a qualitative 

agreement.  However, the analysis by Zheng and Rice (1998) does not consider the effect 

of the rupture nucleation mechanism.  In Chapter 2, we model the wire explosion as a dy-

namic normal stress reduction to analyze the rupture transition to supershear speeds.  The 

results show that such initiation procedure significantly affects the resulting transition 

distances and even changes the mechanism of supershear transition.  The study of Chap-

ter 2 raises two questions.  First, is it possible to produce pulse-like ruptures and match 

experimentally observed variation of rupture modes with linear slip-weakening friction, 

due to a short duration of the wire explosion which may favor the pulse-like rupture?  

Second, are the general conclusions of rupture mode selection based on velocity-

weakening friction and fault prestress still valid in the light of the rupture initiation me-

chanism?  
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In Chapter 4, we first adopt linear slip-weakening friction, with parameter choices that 

have enabled us to match supershear transition experiments in Chapter 2, and numerically 

simulate a series of experiments that lead to crack-like and pulse-like rupture modes.  Our 

simulations show that the rupture either propagates in a crack-like mode, or dies out right 

after the end of the nucleation procedure, which is clearly inconsistent with the experi-

ments.  This demonstrates that linear slip-weakening friction is not sufficient to promote 

pulse-like sliding, even with the dynamic rupture initiation mechanism 

 

We then use the rate-and-state friction enhanced with flash heating as motivated by labo-

ratory experiments.  Standard rate-and-state friction parameters are quantified through the 

velocity stepping tests at low slip velocity (collaboration with B. Kilgore, N. Beeler, and 

C. Marone).  For the regime of high slip velocity, we incorporate strong velocity weaken-

ing motivated by flash heating. The results exhibit qualitative agreement with experi-

ments: rupture mode varies from pulse-like to crack-like with increase of prestress level.  

However, precise match is difficult to obtain due to many uncertainties in friction pa-

rameters and in the modeling of rupture nucleation. 

 

Although the simulation results endorse the general conclusion of experimentally ob-

served rupture mode variation, we notice that, with the same friction parameter choice, 

the theoretical prediction based on the theory of Zheng and Rice (1998) differs substan-

tially from our simulations.  This discrepancy leads to two implications.  First, the rupture 

nucleation mechanism could vary the rupture mode selection in a systematic way.  In our 

model, the short duration of the nucleation procedure associated with the healing phase at 
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the end of the nucleation may act to favor pulse-like rupture.  Hence compared to the 

predicted map of rupture mode, the simulation results shift to the pulse-like side signifi-

cantly.  Second, several rate-and-state friction parameters do not enter the theory of 

Zheng and Rice (1998), for instance, the characteristic slip L, individual values of a and 

b.  However, simulations show that these parameters can also alter the rupture mode dis-

tribution, sometimes in a significant way.  After all, the length scale of problem is associ-

ated with L, and direct effect and healing effect of the rate-and-state friction are deter-

mined by the individual values of a and b.  These elements coupled with nucleation me-

chanism will affect the rupture dynamics and hence cannot be ignored in the analysis of 

rupture mode.   

 

In Chapter 5, we outline the plan to extend our current efforts of combined experimental 

and theoretical study.  In order to set up a good benchmark problem, we outline ways to 

quantify a number of parameters.  One important aspect is the high-speed friction proper-

ties of the experimental interfaced; and consequently a localized friction-velocity meas-

urement plan is proposed.  In addition, we discuss quantification of rupture nucleation 

procedure as this thesis has proven it to be important.  Finally, several potential rupture 

experiments are proposed to investigate the effect of heterogeneities, either in terms of a 

global stress field or local interface strength.   

 

Overall, this thesis is focused on several theoretically and numerically important prob-

lems in rupture dynamics, such as pulse-like to crack-like rupture mode variation, and 

sub-Rayleigh to supershear rupture speed transition.  Our approach to attack these prob-
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lems is to integrate experimental observations and numerical simulations, and to compare 

the results obtained from different methodologies.  That way, we try to benefit from the 

simplicity of experimental design, the state-of-art high-resolution experimental diagnos-

tics, and the convincing power of direct experimental observations.  On the other hand, 

we are aided by the rigorousness of theoretical analysis, its capacity to reveal every de-

tails of the simulation results, and the flexibility to adopt different theories into the nu-

merical model.  The combination of these two methods provides a powerful methodology 

for understanding different rupture phenomena and motivates new research ideas. 
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Chapter 2 

Numerical Analysis of Supershear Transition 

Regimes in Rupture Experiments: the Effect of 

Nucleation Conditions and Friction Parameters 

 

 

In this Chapter, we investigate the effect of rupture nucleation conditions and friction pa-

rameters on supershear transition of Mode II ruptures on interfaces governed by linear 

slip-weakening friction.  

The Chapter is based on a manuscript by Lu, Lapusta, and Rosakis (2008, submitted to 

GJI). 

 

 

2.1 Introduction 

 

This study is motivated by the experiments described in Xia et al. (2004) and Rosakis et 

al. (2007).  In these experiments, the Earth’s crust was simulated by a square (150 mm x 
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150 mm) photoelastic plate cut to introduce a frictional interface inclined at the angle 

25α =  to the horizontal (Fig. 2.1).  Uniform pressure P was applied at the top and bot-

tom ends of the plate, inducing shear traction 0 sin cosPτ α α=  and normal traction 

2
0 cosPσ α=  on the interface.  The ratio of shear to normal tractions, 

0 0 0/ tan 0.47f τ σ α= = = , was smaller than the static friction coefficient 0.6sf =  of the 

interface, and hence the interface simulated a tectonically loaded fault locked due to fric-

tion.  A series of experiments was done, with P varying from 8.8 to 15 MPa.   Initiation 

of spontaneous dynamic rupture was achieved by means of an exploding wire acting in 

the middle of the plate interface across the entire plate thickness.  The experiments were 

done using a photoelastic material, which allowed to capture and analyze rupture pro-

gression using high-speed photography.   The images revealed a bilateral spontaneous 

dynamic shear rupture propagating along the interface, initially with sub-Rayleigh speeds 

and then transitioning to supershear speeds.  The details of the experimental set up, ex-

ploding wire mechanism, and optical diagnostics are described in Rosakis et al. (2007). 

 

Xia et al. (2004) reported the transition distance for each experiment, i.e., the distance 

between the middle of the interface and the position of the rupture tip when the rupture 

transitioned to a supershear speed, and compared these transition distances with the ones 

in the numerical study by Andrews (1976).  The numerical work of Andrews (1976), 

building upon an earlier analytical study of Burridge (1973), showed that supershear tran-

sition can be achieved by nucleating a supershear daughter crack ahead of the main rup-

ture, which immediately propagates at a supershear speed and also spreads backwards to 

unite with the main rupture. This mechanism is often referred to as the Burridge-Andrews
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Figure 2.1: Our model for simulations of supershear transition.   Motivated by the ex-

perimental setup of Xia et al., 2004 (left panel), we consider a planar interface in a thin 

plate (middle panel).  The interface is prestressed both in compression, with 

2
0 cosPσ α= , and in shear, with 0 sin cosPτ α α= .  For 25α =  used in the experi-

ments, 0 0/ 0.47τ σ = . The rupture is initiated by applying a transient reduction σΔ  of 

normal stress in the region of length 2a in the middle of the interface for time oT .  The 

time dependence of the normal-stress reduction is shown in the top of the right panel.  

The interface is governed by linear slip-weakening friction (bottom of the right panel) 

with the static coefficient 0.6sf = .  Several values of the dynamic friction coefficient df  

and critical slip cD  are considered. 
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mechanism (Rosakis, 2002) or the mother-daughter mechanism (Abraham and Gao, 

2000).  Andrews (1976) assumed linear slip-weakening friction, in which the shear 

strength of the interface decreases linearly from static frictional strength level of sτ  to the 

dynamic frictional strength level of dτ  over the critical slip cD , and then remains at dτ  

during subsequent sliding (Fig.2.1).  Using this model, he demonstrated that the transition 

distance depends only on the critical crack half length cL  and on the seismic ratio s as 

follows:  

( ) cL F s L= ,          2
0

( )
(1 )( )

s d c
c

d

DL μ τ τ
π ν τ τ

−
=

− −
,          0

0
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τ τ

−
=

−
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In eq.(2.1), ( )F s  is a numerically determined function that can be approximated by 

3( ) 9.8(1.77 )F s s −= −  as discussed by Rosakis et al. (2007). The parameters μ  and ν  are 

the shear modulus and Poisson’s ratio of the elastic solid and 0τ  is the initial resolved 

shear stress acting on the interface.  In terms of the geometry of Fig. 1, eq.(2.1) can be 

expressed as (Rosakis et al, 2007):  
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where 0/s sf τ σ=  and 0/d df τ σ=  are the static and the dynamic friction coefficients, 

respectively.  Eq.(2.2) predicts that the experimentally observed transition distance L 

should be proportional to 1P− , assuming that critical slip cD  does not depend on the far-

field compression level P. 

 

The experimentally determined transition distances of Xia et al. (2004) were indeed 

smaller for larger values of P, in qualitative agreement with the results of Andrews 
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(1976), however the dependence was stronger than 1P− .  Xia et al. (2004) explained the 

discrepancy by introducing the dependence of critical slip cD  on compression P as 

1/2
cD P−∝ , based on experiments of Ohnaka (2003) and a micromechanical model de-

scribed in detail by Rosakis et al. (2007).  The resulting scaling 3/2L P−∝  provided a bet-

ter match with the experimental measurements, as reviewed in the following sections.  

While the main contribution of the work by Xia et al. (2004) was the demonstration that 

spontaneous supershear transition is possible, the comparison of the experimental meas-

urements with the theory of Andrews (1976) provided additional insights, pointing to the 

daughter-crack mechanism as the likely explanation and suggesting that the critical slip 

cD  is pressure-dependent and that 3/2L P−∝ . 

 

The mechanisms of rupture initiation in the experiments of Xia et al. (2004) and in the 

numerical simulations of Andrews (1976) are conceptually different.  Our goal is to de-

termine how much the comparison between experimental and numerical results is af-

fected when we consider a numerical model with a nucleation procedure which is closer 

to the experimental one.  In the experiments, the initiation of dynamic rupture was 

achieved by a local explosion of a thin (0.08 mm in diameter) nickel wire.  The wire was 

embedded within a tunnel (cylindrical hole) of 0.1 mm in width located in the middle of 

the plate interface, and piercing the entire plate thickness.  The ends of the wire were 

connected to a charged capacitor. Following a sudden discharge, the nickel wire was 

heated by the current surge and turned into high-pressure plasma, relieving the applied 

compression locally. This allowed shear ruptures to initiate around the explosion site un-

der the action of the resolved shear stress.  In contrast, Andrews (1976) used a rupture 
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initiation procedure intended to model smooth rupture acceleration from its critical size 

2 cL .  Hence the initiation procedures had two key differences: The initiation procedure in 

the experiments was (i) relatively abrupt and (ii) the same in intensity, rise time and spa-

tial extend for all compression loads P, while the initiation procedure in the Andrews’ 

model was (a) smooth and (b) dependent on cL  and hence it varied with the level of the 

far-field load P.  The potential influence of rupture initiation on subsequent rupture prop-

agation and supershear transition was highlighted in some recent studies (Festa and Vilo-

tte 2006; Liu and Lapusta 2008; Shi et al. 2008). However, this factor was not considered 

in the original analysis by Xia et al. (2004).  Details of rupture initiation may affect tran-

sition distances and, in particular, may offer an alternative explanation for the stronger 

dependence of transition distances on the far-field compression P.  Our model, including 

the initiation mechanism, is described in section 2.2. 

 

In terms of friction properties, one parameter in particular seems to be of determining in-

fluence on supersheart transition in the context of the work by Xia et al. (2004).  Indeed, 

the study of Andrews (1976) showed that transition distances strongly depend on the 

seismic ratio s.  For the experiments of Xia et al. (2004), the seismic ratio s is given by 

(2) with 0.6sf =  and 25α = , resulting in   

0.13 / (0.47 )ds f= − .      (2.3)  

Hence transition distances strongly depend on the dynamic friction coefficient df  which 

has not been precisely quantified for the Homalite interfaces used in the experiments.  

Xia et al. (2004) used 0.2df =  in their analysis, based on an additional set of experi-
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ments in which they started with a near-horizontal interface ( 10α = ) and increased the 

inclination angle until the explosion-induced rupture was able to propagate through the 

entire sample.  Based on the tangent of that critical angle, they estimated that 0.2df = , 

which results in 0.5s = . This corresponds to / 4.8cL L =  (a result which is based on the 

equation (2.1) as described by Xia et al. (2004) and in more detail by Rosakis et al. 

(2007) ).  Hence, for 0.2df = , the transition distance L is only about 5 times larger than 

the critical crack half-length cL .  Given that the initiation region itself has to be of the 

order of cL  and that the abrupt initiation procedure shortens the transition distances (as 

we show in the following sections), the case with 0.2df =  corresponds to supershear 

transition being close to the initiation site in comparison with the critical crack size.   We 

study both this case (section 2.3), as well as the case with a different seismic ratio 1.0s =  

( 0.34df = ), which results, according to eq. (2.1) , in transition distances much larger 

than the critical crack size, / 21.5cL L = (section 2.4).   

 

The two primary goals of this work are to study supershear transition with an initiation 

procedure that mimics the experiments and also to consider two different parameter re-

gimes that result in significantly different ratios of transition distances and critical crack 

sizes. These goals are closely related.  One would expect the initiation procedure to have 

a different effect on the length and mode of supershear transition, depending on how 

close the location of the transition is to the rupture initiation region.   This expectation is 

supported by our study, as described in sections 2.3 and 2.4.  Indeed, even the mechanism 

of the supershear transition is different in the two parameter regimes, for cases that match 
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experimentally determined transition distances.  Comparisons between the two regimes 

and conclusions are given in sections 2.5-2.6.   

 

 

2.2 Model for simulating supershear transition 

 

Our model (Fig.2.1) is based on the configuration used by Xia et al. (2004).  We consider 

a planar interface in a thin Homalite plate, in the context of a two-dimensional plane-

stress problem.  Homalite has the following material properties (Dally and Riley, 1991): 

Young’s modulus 3860E =  MPa, shear modulus 1429.63μ =  MPa, Poisson’s ratio 

0.35ν = , density 31200 kg/mρ = , and shear wave speed 1078.10 m/ssc = . The interface 

is prestressed with shear and normal stresses 0 sin cosPτ α α=  and 2
0 cosPσ α=  respec-

tively, with the non-dimensional prestress 0 0/ tanτ σ α=  being independent of P.  Fol-

lowing Xia et al. (2004), we set 25α =  and use several values of P, ranging from 8 to 

16 MPa.  As in the study of Andrews (1976), the interface friction is modeled as linear 

slip-weakening friction with the static friction coefficient sf , dynamic friction coefficient 

df , and critical slip cD .  The static friction coefficient for the interfaces in the experi-

ments of Xia et al. (2004) is well constrained as 0.6sf = , a typical value for many mate-

rials including rocks.   

 

The values of the dynamic friction coefficient df  and critical slip cD  are less certain, and 

we study two values of df  and several options for cD .  Xia et al. (2004) used 0.2df =  
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and, based on the analysis of the experiments using the results of Andrews (1976), deter-

mined that 10cD = μm for 9 MPaP = .  As described in detail by Rosakis et al. (2007) 

the best fit to experiments was achieved with a pressure-dependent cD  derived based on 

experiments by Ohnaka (2003) and a micromechanical model: 

1/2 1/2
0[( ) / ] cosM

c s d dD c H a P Pτ τ τ α − −= − ⋅ ∝ ,   (2.4) 

where c and M are experimentally determined constants, H is the hardness of the mate-

rial, and a0 is the average radius of contacting asperities (which is assumed constant).  

Substituting (2.4) into (2.2), one finds that the transition length L is then proportional to 

3/2P−  as follows: 

3/2 3/2
02

( )( ) cos
(1 )(sin cos )

M

s d s d

d d

f f f fL F s c H a P P
f f

μ α
π ν α α

− −⎛ ⎞− −
= ⋅ ∝⎜ ⎟− − ⎝ ⎠

   (2.5) 

In the cases where we consider effects of the pressure-dependent cD , we set the value of 

ref
c cD D=  for one value of the external compression refP P= , and assign the rest of the 

values according to 1/2( / )ref ref
c cD D P P −= . 

 

In section 2.3, we use the set of values proposed by Xia et al. (2004). We consider both 

pressure-independent and pressure-dependent cD .  As mentioned in section 1, transition 

distances of the Burridge-Andrews mechanism strongly depend on the dynamic friction 

coefficient.  If 0.2df = , then the seismic ratio 0.5s =  and the transition distance 

/ 4.8cL L = .  However, the value 0.2df =  has been determined only approximately, as 

discussed in section 1, and it may represent a lower bound on the dynamic friction coeffi-

cient.  In section 2.4, we consider cases with the different seismic ratio of 1.0s = , corre-
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sponding to 0.34df =  and resulting in a substantially different normalized transition 

length / 21.5cL L = .  Since the ratio of the transition distance L to the critical crack half 

size cL  is almost an order of magnitude larger in the second  regime, in section 2.4 we 

use an order of magnitude smaller value of cD  (and hence cL ), so that the predicted un-

normalized lengths of the transition distance still matches the experimental measurements 

with a drastically different set of parameters.   

 

The numerical simulations in this work are performed using a spectral boundary-integral 

method (Geubelle and Rice 1995; Liu and Lapusta 2008).  The elastodynamic response of 

the surrounding medium is expressed as an integral relationship between the stress and 

slip on the interface, in the form:  

( , ) ( , ) ( , ) ( , )
2l

s

x t x t x t x t
c
μτ τ ϕ δ= + − ,     (2.6) 

where ( , )x tτ  is the shear stress on the interface, ( , )l x tτ  is the shear stress that would act 

on the interface in the absence of slip, ( , )x tϕ  is the functional of slip history on the inter-

face, and ( , )x tδ  is the slip (or sliding) velocity. The functional ( , )x tϕ  is related to slip 

history in the Fourier domain. This means that the simulated spatial domain is periodi-

cally replicated along the interface.  The spatial domain in the simulations is chosen to be 

large enough to ensure that no waves arrive from replicated rupture processes within the 

time window of interest. This is consistent with the experimental approach in which su-

pershear transition and propagation were observed for times short enough that no wave 

reflections could have arrived from the sample boundaries (Rosakis et al, 2007).  We use 

the numerical implementation of the boundary-integral method of Liu and Lapusta 
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(2008).  In our model, the interface is discretized uniformly with such a grid that the ratio 

of the critical crack half length cL  and cell size h is more than 50 for all calculations.  In 

some cases, higher resolution is used to validate the numerical convergence.  The cohe-

sive zone size is well-resolved in all simulations.   

 

Our procedure of the rupture initiation (Fig.2.1) is intended to capture the dynamic nature 

of the wire explosion described in section 2.1.  While the wire is less than 0.1 mm thick, 

it turns into plasma due to the electric current surge, and hence it can affect a larger re-

gion along the interface than the 0.1-mm thickness would suggest.  After each experi-

ment, the interface surfaces contain a thin layer of metallic particles around the explosion 

site.  The spatial extent of the layer is typically 4-10 mm along the interface.  We model 

the effect of the plasma by applying a reduction σΔ  of normal stress over a region of 

size 2a .  For simplicity, we keep the normal stress reduction uniform over that region.  

In most of our simulations, the duration of the normal-stress reduction is 5oT =  μs, con-

sistently with estimates of Rosakis et al. (2007).  Normal stress is reduced by σΔ  line-

arly over 1 μs, kept at the level ( 0σ σ−Δ ) for 3  μs, and then brought back to the original 

level linearly over 1μs (Fig.2.1).  We explore the consequences of varying the duration 

oT  of the normal-stress reduction in sections 2.3.4 and 2.4.4.  The normal-stress variation 

reduces the frictional strength of the interface and allows the sliding to initiate and de-

velop under the applied shear stress.  Note that the normal-stress reduction σΔ  used is 

always smaller than the applied normal stress 0σ  so that there is no interface opening.  In 

the experiments, the wire explosion might cause local opening of the interface; investi-

gating such scenarios is a goal for future research.  As discussed in section 2.1, our repre-



24 
sentation of the initiation procedure allows us to explore two aspects that were not a part 

of the original analysis by Andrews (1976): the dynamic and transient nature of the initia-

tion procedure and the fact that, in the experiments, the initiation procedure is independ-

ent of the far-field pressure P. 

 

The goal of this study is to determine the suite of potential transition scenarios relevant to 

the experimental setup of Xia et al. (2004).  To that end, for each set of friction properties 

that we study, we consider a range of the parameters a and σΔ  and choose the ones that 

give us the best match to experimental observations.  This approach not only allows us to 

determine the range of potential rupture behaviors consistent with the experimental mea-

surements but also outlines the space of plausible initiation parameters, which would be 

helpful in our future work on quantifying the explosion.  Once a set of friction properties 

has been specified, the choice of rupture initiation parameters becomes relatively re-

stricted by the fact that the same initiation procedure has to initiate spontaneous rupture 

propagation for all P of interest, from 8 to 16 MPa.  The range of P implies a range in the 

values of the critical crack half size cL , and it is likely that, for successful rupture initia-

tion, the half size a of the initiation region should be comparable to cL  for all P of inter-

est, with the parameter / ca L  being comparable to 1.  Also, the normal stress change σΔ  

should be large enough to initiate sliding for all values of P, which means that the condi-

tion 0 0( ) sfσ σ τ−Δ <  should be satisfied for all P.  This condition is the most restrictive 

for the largest value of P and, for 25α =  and P from 8 to 16 MPa, translates into the re-

quirement 2.9σΔ ≥  MPa.  Since we consider here cases with no opening, we also re-

quire that 0σ σΔ <  for all P, which results in 6.6σΔ <  MPa.    
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How do the different initiation parameters affect the rupture nucleation and evolution?  

Clearly, the larger the parameter / ca L , the better are the conditions for the initiation of 

spontaneous rupture.   Since larger values of P correspond to smaller values of cL , a con-

stant value of a would result in the parameter / ca L  being larger for larger P, and hence 

more favorable for initiation.  The effect of the normal stress decrease σΔ  can be meas-

ured by the initial slip velocity iniδ  that such decrease would cause if it happened instan-

taneously.  That slip velocity can be computed from the elastodynamic relation (2.6).  

After an abrupt stress drop, we have, in the beginning of sliding, 0ϕ = , 0lτ τ= , 

0( ) sfτ σ σ= −Δ , and  

( )0 0
2 2 (0.6 0.1 )s s

ini s s
c cf f Pδ σ τ σ σ
μ μ

= Δ + − = Δ − .   (2.7) 

Hence the larger σΔ  is, the larger the slip velocity which would be induced.  However, 

the slip velocity also depends on P, with larger values for smaller P.  For example, an ab-

rupt drop of 5 MPaσΔ =  would induce slip velocity of 3.3 m/s for 8 MPaP =  and 2.7 

m/s for 12 MPaP = .  Hence a particular value of σΔ  would favor rupture development 

for smaller values of P.  In the initiation procedure in our model, we apply the stress drop 

over the time of 1 μs, so the effect would be more complex than estimated here, however 

the above calculation gives an order-of-magnitude estimate.  Finally, the duration of the 

rupture initiation procedure is important, since, after the normal stress is again increased 

to the initial value in the region of the nucleation procedure, the slip velocities would be 

reduced in that region.  That should have a different effect on the rupture development, 

depending on how large the rupture is at that point.  The length of the rupture would de-
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pend on how the rupture speed evolves.  To get an order-of-magnitude estimate, let us 

assume that the rupture velocity would be close to Rc , so that in time oT  the rupture 

would advance by about R oc T .  Then ( ) /R oc T a a+  would give an estimate of how much 

larger the rupture is than the region affected by the reduced slip velocities, whereas 

/R o cc T L  would indicate how much beyond the initiation region the rupture has had the 

chance to propagate before the normal stress reduction effect disappears, with respect to 

the critical half size cL . 

 

In this work, we use the critical crack half size cL  as the relevant spatial scale for rupture 

propagation.  Uenishi and Rice (2003) studied the initiation of a frictional shear crack 

subjected to peaked quasi-static loading and demonstrated that the crack would become 

dynamic when its half length reaches the critical value  

0.579
(1 )( )

c
nucl

s d

DL μ
ν τ τ

=
− −

.      (2.8) 

Neither parameter cL  nor parameter nuclL  are directly relevant to the initiation procedure 

in this study, since the crack neither starts from its critical quasi-static state nor nucleates 

under quasi-static peaked loading.  We use cL  as the reference length to enable easy 

comparison with previous studies.  Note that the ratio  

2
0

2 2

( ) 1/ 0.579 0.579
( ) (1 )

d
nucl c

s d

L L
s

τ τπ π
τ τ
−

= =
− +

   (2.9) 

does not depend on the compression P.  For s = 0.5 and s = 1.0, / 0.81nucl cL L =  and 

/ 0.43nucl cL L = , respectively.  Hence we see that the two parameters are comparable for 

the cases we consider in this work. 
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2.3  Simulations of supershear transition for the seismic ratio s = 0.5 

(fd = 0.2)  

 

We start by exploring the case of dynamic friction coefficient 0.2df =  proposed by Xia 

et al. (2004).  In this case, the seismic ratio (2.3) becomes 0.5s = , and the ratio / cL L  of 

the transition distance to the critical crack half length is predicted to be 4.8 based on equ-

ation (2.1).  As we discuss in the following, the ratio of / cL L  becomes even smaller in 

our simulations, due to the dynamic rupture initiation procedure.  Since the supershear 

transition occurs when the crack length is only 2-3 times larger than the critical crack 

size, and given that the initiation region itself is of the order of the critical size, we refer 

to this regime as the one in which the transition occurs close to the initiation region, in 

nondimensional terms.   

 

 

2.3.1 Comparison of experimental and simulated transition distances 

for the parameters of Xia et al. (2004) 

 

Fig.2.2(a) shows the experimentally measured transition distances (shown as dots); they 

vary from about 20 mmL =  for 9 MPaP =  to about 10 mmL =  for 15 MPaP = .  The 

exact values are given in Table 2.1.  To compare these results with the work of Andrews 

(1976), Xia et al. (2004) and Rosakis et al. (2007) matched the observed and theoretical 
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transition distances for the first experimental data point of Fig.2.2(a) ( 8.8 MPaP = , 

23.4 mmL = ) inferring 5.5 mmcL =  and 10cD =  μm respectively.  By assuming the 

pressure-independent value of 10cD =  μm and pressure-dependent values of cD  given 

by eq. (2.4), they used eqs. (2.2) and (2.5) respectively to predict the dependence of the 

transition length on P as shown in Fig. 2.2(a). These curves are indicated as Xia et al. 

(2004) 1L P−∼  and 3/2L P−∼  respectively. Clearly, the pressure-dependent cD  gives a 

better match.   

 

The red solid line in Fig.2.2(a) shows the transition distances obtained through the cur-

rent simulations with pressure-independent 10cD =  μm and rupture initiation parameters 

3 mma =  and 5 MPaσΔ = .  Note that this selection of a is consistent with the size of 

the region covered by the wire debris particles discussed in section 2.  As P varies from 8 

to 16 MPa, cL  varies from 6 mm to 3 mm, and / ca L  varies from 0.5 to 1.0.  In compari-

son to the results (2.2) of Xia et al. (2004), the simulated transition distances in our mod-

el are 30% to 40% smaller, indicating that the dynamic rupture initiation mechanism in-

deed acts to shorten the transition distance. The ratio of the numerically simulated L to 

cL  is only about 3 on average.  The overall trend with P is similar between the predic-

tions (2.2) and our simulations.  The simulated values do not fit the experimental results 

(shown as dots), underestimating transition distances for lower values of compression P.  

We have studied a number of different parameters for the rupture initiation procedure, 

and it seems impossible to make the simulations agree with the experimental values for 

10cD =  μm.  In particular, as parameters a and/or σΔ  are decreased, the simulated tran-
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sition distances for lower values of P remain too short until the initiation procedure fails 

to initiate ruptures for these lower values of P. 
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Figure 2.2: Simulation results for fd = 0.2, σΔ  = 5 MPa, a = 3 mm, and oT  = 5 μs.  (a) 

The dependence of supershear transition distances L on the compression P obtained in 

our simulations with pressure-independent Dc = 10 μm (the solid red curve). The experi-

mental results (dots), the results with pressure-independent Dc = 10 μm (and hence 

1~L P− ) from Xia et al. (2004) (the blue dashed curve), and the results with pressure-

dependent 1/2
cD P−∝  ( 3/2~L P− ) from Xia et al. (2004) (the violet double-dashed curve) 

are given for comparison. (b)  An attempt to better fit experimental results  in our simula-

tions by incorporating pressure-dependent 1/2
cD P−∝  with Dc = 10 μm for P = 15 MPa 

(the solid red curve).  In this case, rupture arrests for P < 12 MPa.  (c) and (d) Rupture 

speed vs. the location of the rupture tip for the cases of P = 9 MPa (panel c) and P = 16 
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MPa (panel d), with the  pressure-independent Dc = 10 μm.  The supershear transition 

distances plotted in Fig. 2a correspond to the location of the crack tip when the speed 

transition occurs (L = 15 mm for P = 9 MPa and L = 8 mm for P = 16 MPa).  The vertical 

dashed line corresponds to the rupture tip position at end of the initiation process, when t 

= oT  = 5 μs. For P = 9 MPa, there is a prominent slow-down in the rupture speed due to 

the end of the normal stress reduction in the rupture initiation region. For P = 16 MPa, 

the rupture speed is reduced much less. 

 

 

Table 2. 1: Experimentally measured supershear transition distances L for different P  

(Xia et al., 2004; Rosakis et al., 2007). 

P (MPa) 8.8 9.1 11.0 12.4 15.0 
L (mm) 23.4 19.0 17.0 12.1 8.8 
 

 

 

The following question arises:  Would incorporating the pressure-dependent cD  help to 

match the transition distances better?  Keeping the same 10cD =  μm for 9 MPaP =  and 

decreasing cD  for larger values of P, as done in Xia et al. (2004), clearly would not 

work, as this would simply retain the shorter transition distances for lower P and shorten 

the transition distances for higher P, making the overall comparison with experimental 

results even worse.  We have confirmed this conclusion in our simulations.  However, we 

can keep the value of 10cD =  μm for 15 MPaP =  and increase the value of cD  for 
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smaller values of P in accordance with (2.5).  Theoretically, this should produce the de-

sired effect, as larger values of cD  translate into larger values of cL  and, for the same 

seismic ratio, potentially result in larger values of the transition distance L.  However, 

simulations for this case show that the initiation procedure fails to start a spontaneous 

crack for 12 MPaP < .  The results, in terms of supershear transition distances, are shown 

in Fig.2.2b (red solid curve).  For 12 MPaP < , the rupture does not propagate, and hence 

it does not transition to supershear speeds.   

 

Why does the rupture fail to initiate for smaller values of P ?  This is because smaller 

values of P result in larger critical crack half sizes cL  (everything else being equal), 

which has two effects on the rupture initiation.  First, the ratio / ca L  decreases, so that 

the normal stress reduction affects a smaller portion of the critical crack size. Second, in 

the time oT  that the normal stress reduction lasts ( 5oT =  μs here), the rupture tends to 

acquire a smaller length in proportion of cL , and hence the rupture may be less developed 

when the normal stress goes back to its original value and increases the resistance to slid-

ing over a part of the rupture.  This effect is discussed further in section 2.3.2.  Note that 

/R o cc T L , the related parameter discussed in section 2, varies from 0.6 to 1.7 as P varies 

from 8 to 16 MPa, illustrating why the rupture would be affected by the end of the rup-

ture initiation procedure for all values of P but especially for smaller P. 
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2.3.2 Rupture evolution and direct supershear transition at the rup-

ture tip 

 

The typical simulated rupture evolution is illustrated in Fig.2.2(c) and Fig.2.2(d) where 

the rupture speed is plotted for two cases from Fig.2.2(a), 9 MPaP =  and 16 MPaP = , 

both with 10cD =  μm. For both cases, the rupture accelerates and approaches the Ray-

leigh wave speed Rc  during the normal-stress reduction in the nucleation region. How-

ever, when the normal stress goes back to the original level in the nucleation region (ver-

tical dashed lines in Fig.2.2c and Fig.2.2d), the frictional resistance increases relatively 

abruptly in the nucleation region causing decrease in slip velocities. When the informa-

tion about that decrease arrives at the rupture tip, the rupture speed decreases. The de-

crease in rupture speed is more substantial for the case of 9 MPaP =  and only slight for 

the case of 16 MPaP = , consistently with our discussion of the differences between 

lower and higher values of P at the end of section 2.3.1.  The critical crack half-sizes cL  

are 5.3 mm and 3.0 mm for 9 and 16 MPa, respectively.  Fig. 2.2(c) and Fig.2.2(d) show 

that, at the time of the rupture speed decrease that signifies the end of the normal stress 

reduction in the initiation region, the rupture lengths are 6.9 mm 1.3 cL=  for 9 MPaP =  

and 5.6 mm 1.9 cL=  for 16 MPaP = .  Hence, at the end of the initiation procedure, the 

rupture is less developed, in terms of cL , for 9 MPaP =  than for 16 MPaP = .  (This 

distinction is qualitatively captured by the parameter /R o cc T L  discussed in section 2.2, 

which is equal to 0.9 for 9 MPaP =  and 1.7 for 16 MPaP = , indicating that the crack is 

likely to be less developed for 9 MPaP = .)  That is why the rupture slows down much 
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more for the case of 9 MPaP = . In both cases, the rupture recovers and transitions to 

supershear speeds soon after.   

 

To illustrate how the transition takes place, we plot, in Fig.2.3, two snapshots of the slip 

velocity and shear stress distribution, one before the transition and one after, for the case 

of 9 MPaP = , 10cD =  μm.  The values of shear stress normalized by the normal stress 

oσ  are shown, with 0.6 corresponding to the static friction coefficient.  At the time 16t =  

μs (Fig.2.3a), the rupture tip is at the location of 14.2 mmx =  ( 0x =  corresponds to the 

middle of the initiation region and hence the middle of the rupture) and the region 

0 14.2 mmx≤ ≤  represents half of the current extent of the rupture.  The normalized 

shear stress value at the location of the rupture tip is 0.6, as appropriate for the point 

which has just reached the static friction threshold.  The shear stress peak at 20 mmx =  

is a classical feature of mode II ruptures described in the work of Burridge (1973) and 

Andrews (1976).  That peak travels with the shear wave speed and represents a pile-up of 

stress due to shear waves. If the peak reaches the static friction level, a supershear daugh-

ter crack would nucleate there, resulting in the Burridge-Andrews transition mechanism. 

At the time 16t =  μs, the shear stress peak is still below the static friction level; Fig.2.2c 

shows that, when the crack tip is at the location of 14.2 mm, the rupture is still sub-

Rayleigh.  At 20t =  μs, not much has changed in the shape of the shear stress, which 
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Figure 2.3: An illustration of the direct supershear transition at the rupture tip. (a) and (b) 

Snapshots of sliding velocity and normalized shear stress before and after supershear 

transition for the simulation of Fig. 2.2c. The shear stress peak traveling with the shear 

wave speed in front of the main rupture has not yet reached the static friction strength and 

no daughter crack is initiated.  Instead, supershear transition occurs right at the rupture tip 

as its speed directly jumps from the Rayleigh wave speed to a supershear speed.  (c) Lo-

cations of the shear wave front and rupture tip when supershear transition occurs for the 

case of Fig. 2.2a.  We see that, for all P, the location of supershear transition is behind the 

shear wave peak. 
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simply advanced along the interface.  However, the rupture front is now at 19.3 mmx = , 

and Fig.2.2c indicates that the rupture is supershear at this point.  Clearly, there is no 

daughter crack, at the shear stress peak or otherwise; rather, we see a perturbation in slip 

velocities right at the rupture tip, indicating that the crack front itself is transitioning to 

supershear speeds.  This direct transition at the rupture tip has been mentioned in the 

work of Geubelle and Kubair (2001) and studied in detail in Liu and Lapusta (2008) in a 

different setting with favorable heterogeneities.   

 

Hence we find that supershear transition in this parameter regime occurs by the direct 

change of rupture speed at the rupture tip, and not by the Burridge-Andrews mechanism.  

There is an easy way to check this for other values of P.  For the case of Fig. 3ab, the ac-

tual transition distance is 15.2 mmL = .  Note that the shear stress peak is ahead by about 

5 mm in both snapshots, which means that the shear stress peak was at about 20 mmx =   

at the time of the transition.  To check whether the transition occurs at the shear stress 

peak or not, one can simply plot the transition distance and the location of the shear stress 

peak at the time of the transition and see whether they coincide or not.  This is done in 

Fig.2.3c, which demonstrates that the shear stress peak is clearly ahead of the supershear 

transition location for all values of P, indicating that supershear transition occurs not by 

the Burridge-Andrews (mother-daughter) mechanism but rather by the direct transition at 

the rupture tip.     

 

 

2.3.3 Set of parameters that fits experimental data 
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Section 2.3.1 considers supershear transition distances obtained with the values of Dc in-

ferred by Xia et al. (2004).  The simulated transition distances with 10cD =  μm are 

mostly smaller than the experimental values (Fig.2.2a), especially for lower values of 

compression P.  Based on those results, we have conducted a series of simulations with 

larger cD  aiming to increase cL  and hence the transition distances L, assuming that 

/ cL L  stays approximately the same.  Fig.2.4(a) shows the results for 13cD =  μm and 

5 mma = .  Overall, the transition distances are matched better than for 10cD =  μm, but 

discrepancies remain.  In particular, the dependence of the simulated transition distances 

on P is segmented into two parts separated by 12 MPaP = . Note that, as P varies from 8 

to 16 MPa, cL  varies from 7.8 mm to 3.9 mm, / ca L  varies from 0.64 to 1.28, and the 

ratio of / ca L  acquires the value of 1 at approximately 12 MPaP = .  This means that the 

rupture initiation procedure is the likely cause of the segmentation, and in particular the 

rupture slow-down it causes as normal stress returns to the original value in the rupture 

initiation region.  Similarly to the discussion in section 2.3.2, the rupture is not yet well-

developed for 12 MPaP < , in terms of cL , at the time of the slow-down, and that is why 

the rupture slow-down is more pronounced for lower P.  That results in longer rupture 

recovery from the slow-down, and hence in larger transition distances than the rupture 

would have had without the slow-down (Fig.2.4c).  For 12 MPaP ≥ , the slow down is  
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Figure 2.4: Simulation results for fd = 0.2 with a set of parameters that provides a better 

fit to experimental transition distances.  (a) and (b) The dependence of the simulated su-

pershear transition distances L on the compression P (solid red curve) for Dc = 13 μm 

(panel a) and 1/2
cD P−∝  with Dc = 13 μm for P = 9 MPa (panel b), with  a = 5 mm, σΔ  

= 5 MPa, and oT  = 5 μs. The overall fit is improved in comparison to Figs. 2a and 2b; the 

segmentation of the simulated curves is discussed in the text. The results of Xia et al. 

(2004)  are shown for the same parameters as in Fig. 2.2a, for comparison.  (c) and (d) 

Rupture speed vs. the location of the rupture tip in the case of pressure-independent Dc = 
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13 μm (Fig. 2.4a) for P = 9 MPa, 11 MPa (panel c) and P = 12 MPa, 13 MPa, and 14 

MPa (panel d).  The rupture speed experiences a longer slow-down for the smaller values 

of P, which is the likely cause of the curve segmentation of Fig. 2.4a. 

 

 

much smaller and approximately the same for all P (Fig.2.4d), resulting in transition dis-

tances decreasing with P in a manner more similar to, if slightly faster than, the results of 

Xia et al. (2004). 

 

In Fig.2.4b, we plot the transition distances L simulated with pressure-dependent 

1/2
cD P−∝ , 13cD =  μm for 9 MPaP = .  The dependence of L on P is still separated into 

two trends, similarly to the case of Fig.2.4a.  For the pressure-dependent cD , cL  de-

creases faster with P than for the case with the constant, pressure-indepedent cD   of 

Fig.2.4a, and hence the separating point of the two trends on the transition curve moves 

from 12 MPa to 10 MPa.  The overall agreement of the simulated and experimental val-

ues of L is somewhat worse for the pressure-dependent cD  than for the constant one (Fig. 

2.4b vs. Fig.2.4a), although it is possible that small adjustments in the parameters of the 

rupture initiation procedure would result in a better fit.     

 

 

2.3.4 Dependence of supershear transition on parameters of the rup-

ture initiation procedure 
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In section 2.3.3, we used the following parameters of the rupture initiation procedure: 

5 mma =  (with / ca L  varying from 0. 64 to 1.28 for the range of P considered), 

5 MPaσΔ = , and 5oT =  μs.  Fig.2.5 shows how supershear transition distances are af-

fected when these parameters are varied.  Overall, the behavior is not a simple transla-

tional change.  For example, one might expect that larger values a of the size of the initia-

tion zone would create a larger initial crack, enhance the rupture acceleration, and hence 

shorten transition distances.  However, this expectation is not supported by simulations 

for some combinations of a and P (Fig.2.5a).  This is because the crack evolution history 

is quite complex and differs for different values of P, as discussed in sections 2.3.2 and 

2.3.3, and there are competing effects.  One competing effect is that a larger value of a 

means that a larger part of the expanding rupture will be affected by the end of the initia-

tion procedure, causing a larger slow-down in the rupture speed and delaying the super-

shear transition.  For different values of P, different competing effects win, resulting in 

complex dependencies shown in Fig.2.5.  Similar considerations apply to results for dif-

ferent values of the stress drop σΔ  and explosion duration oT .  Note that all simulations 

are well-resolved numerically. 
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Figure 2.5:  Dependence of transition distances on the parameters of the initiation proce-

dure for the case of fd = 0.2 and pressure-independent Dc = 13 μm. The reference set of 

the rupture initiation parameters is that of Fig. 2.4a, a = 5 mm, σΔ  = 5 MPa, and oT  = 5 

μs.  In each panel, one of these parameters is varied and the results are shown for simula-

tions with different values of: (a) the half size a of the rupture initiation procedure, (b) 

normal stress reduction Δσ, and (c) duration To.  In each panel, the blue dashed line gives 

transition distances for the largest value of the parameter studied, and that line has two 

braches for lower values of P.  The two branches correspond to a failed attempt to transi-

tion and then to the actual sustained transition to supershear speeds, as illustrated in 

Fig.2.6. 
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The results shown in Fig.2.5 indicate that, for this parameter regime of direct transition at 

the rupture tip with relatively small transition distances / cL L , the transition distances 

cannot be made much larger than what we see in Fig.2.5.  If we use a weaker initiation 

procedure, with smaller values of a, σΔ , or oT , then the rupture would fail to initiate for 

some values of P ; we already see that effect, for smaller values of P, in Fig.2.5a for 

4 mma =  and in Fig.2.5c for 4oT =  μs.  That is why, after establishing that the transi-

tion distances are too short for the case of 10cD =  μm in sections 2.3.1 and 2.3.2, we 

could not increase those transition distances simply by varying parameters of the initia-

tion procedure.  As a side note, the transition distance L is larger than a by definition, as 

the location of the crack tip starts as x a=  and L is defined as the distance between the 

middle of the initiation zone ( 0x = ) and the rupture tip when the rupture first acquires 

supershear speeds.  Hence the values of transition distances cannot be smaller than a.   

 

Some parameters of the initiation procedure lead to ruptures that experience two transi-

tions to supershear speeds.  This is illustrated in Fig.2.6.  The first transition, with the 

rupture tip at about 10 mm, occurs right when the rupture initiation procedure stops 

(Fig.2.6a).  It takes some time for the rupture front to receive that information through 

radiated waves, and the resulting slow-down of the rupture makes the rupture transition 

back to sub-Rayleigh speeds.  The rupture recovers and transitions to sustained super-

shear speeds later, at the location of about 22 mm.  In the corresponding plots of the tran-

sition distances vs. P, we plot both of the transition attempts, which results in two 
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branches for dashed blue curves (Fig.2.6b and Fig.2.5).  The example of Fig.2.6a is 

marked in Fig.2.6b by a blue solid circle (for a failed transition attempt) and a blue solid 

square (for the sustained supershear transition). This behavior helps explain some of the 

non-monotonic response of the transition distances with the rupture initiation parameters 

evident in Fig.2.5.   

 

 

 

Figure 2.6:  A representative case with two supershear transition stages, for fd = 0.2, Dc = 

13 μm, a = 5 mm, σΔ  = 5.5 MPa, and oT  = 5 μs.  (a) Rupture speed vs. the location of 

the rupture tip for P = 9 MPa. The failed and successful attempt of supershear transition 

are marked by a solid blue circle and square, respectively, and blue dotted lines.  (b)  The 

dependence of transition distances on P.  Plotting both the failed and the successful at-

tempt results in two branches for lower values of P. 
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2.3.5 Dominance of the direct supershear transition for the seismic 

ratio s = 0.5 (fd = 0.2) 

 

In all the cases presented in sections 2.3.1-2.3.4, the transition occurs directly at the rup-

ture front, as discussed in section 2.3.2, before the mother-daughter crack mechanism has 

a chance to act.  We discuss the possible reasons for this dominance in section 2.5, where 

we compare these cases to the ones of section 2.4.  This direct transition mechanism is 

likely caused by waves radiated from the relatively abrupt initiation procedure.  The 

stress field carried by the waves allows the rupture front to meet the static friction thresh-

old with supershear speeds, causing the direct transition.  (In fact, as mentioned in Liu 

and Lapusta (2008), if the initiation procedure is sufficiently strong, the crack can start 

with supershear speeds right away.)   That is why it is not surprising that the timing and 

location of the supershear transition for this mechanism are very sensitive to the parame-

ters of the rupture initiation procedure, resulting in non-trivial dependencies discussed in 

section 2.3.4.   For this transition mechanism, the transition distances / cL L  should al-

ways be relatively short, in the range of 1 to 3 as observed in sections 2.3.1-2.3.4.  This is 

because the stressing field of the initiation procedure would pass the rupture tip soon after 

the rupture initiation, when the rupture is still relatively short, and it is at that point that 

the stress field can influence the rupture tip to transition (or not) to supershear speeds.   

 

If the parameter regime considered in this section is indeed the relevant one for experi-

ments, then a possibility arises that the transition in experiments also happened as the di-

rect transition at the rupture front, and not through the mother-daughter crack mechanism.  
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This is further discussed in sections 2.5 and 2.6.  Note that the experimental measure-

ments have up and down variations with P.  One interpretation is that such variations rep-

resent experimental variability, hugging what should be a smooth curve similar to the re-

sults of Andrews (1976).  However, as Figs. 2.2 and 2.4 demonstrate, the dependence of 

transition distances on P, for this direct mode of supershear transition, is very sensitive to 

the details of the rupture initiation procedure and values of cD , resulting in complex 

segmented plots of L vs. P.  Hence it is possible that the variation in experimental results 

at least partially reflects such complexities.   

 

 

2.4 Simulations of supershear transition for the seismic ratio s = 1.0 

(fd = 0.34) 

 

In section 2.3, the dynamic friction coefficient 0.2df =  is chosen, following Xia et al. 

(2004), which results in the seismic ratio 0.5s =  and small nondimensional transition 

distances.  To match the experimental results, values of Dc of about 13 μm are required.  

For that parameter regime, the results indicate that the dynamic rupture initiation proce-

dure has a large impact on the supershear transition, not only significantly shortening 

transition distances but also resulting in the different transition mechanism, experiencing 

direct supershear transition of the rupture front.   

 

In this section we explore a different parameter regime that results in the seismic ratio 

1.0s = and much larger nondimensional transition distances / 21.5cL L =  based on eq. 
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(2.2).   To obtain 1.0s =  in eq. (2.3), we choose 0.34df = .  To match the experimental 

transition distances, which vary from 10 to 20 mm, we need to have critical crack half 

sizes of the order of 1 mm,  which means that the relevant values of cD  are significantly 

smaller than in section 2.3.  

 

 

2.4.1 Good agreement between experimental and simulated transi-

tion distances for pressure-independent Dc = 1 μm. 

 

The red solid line in Fig. 2.7a shows the transition distances from our simulations in this 

parameter regime, with pressure-independent 1cD =  μm and rupture initiation parame-

ters 0.8 mma =  and 3 MPaσΔ = .  Note the good match between the experimental and 

simulated transition distances.  Similarly to section 2.3.1, a is chosen so that / ca L  varies 

from 0.46 to 0.92, as P varies from 8 to 16 MPa and cL  varies from 1.74 mm to 0.87 mm. 

The transition distances simulated in our model are 30% to 50% smaller the predictions 

(2)  of Xia et al. (2004) based on pressure-independent cD  (and hence 1~L P− ).  This 

indicates that the dynamic rupture initiation mechanism acts to shorten the transition dis-

tances in this parameter regime as well. However, the ratio of the numerically simulated 

L to cL  is still quite large, about 12 on average.   

 

The simulated rupture evolution in terms of its rupture speed is shown in Fig. 2.7b-d for 

three values of P.  In all three cases, the rupture accelerates and approaches the Rayleigh 
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wave speed Rc  during the normal-stress reduction in the nucleation region.  Unlike in the 

cases of section 2.3, the rupture speed disruption due to the end of normal-stress reduc-

tion is minimal, since, at that point, the rupture is well-developed, with the length of 

about 3 cL  to 4 cL  for different values of P, and the region of normal stress variation con-

stitutes only a small part of the sliding interface.  For all three values of P, the rupture 

propagates with speeds close to Rc  for a while before transitioning to supershear speeds.  

The transition occurs by the Burridge-Andrews (mother-daughter crack) mechanism, as 

demonstrated in section 2.4.2. 

 

The simulated values of the transition distance L decrease faster with P than the predic-

tions (2.2) of Xia et al. (2004) with 1~L P− , which is why the simulated results match the 

experimental measurements so well, even in this case of pressure-independent Dc.  We 

attribute this faster decrease to the fact that larger values of P correspond to smaller criti-

cal crack half sizes cL  and hence larger ratios of / ca L .  This means that larger P are 

more affected by the rupture initiation procedure.  As discussed in section 2.1, that fea-

ture was not present in the numerical simulations of Andrews (1976) where the initiation 

procedure scaled with cL , and hence it did not enter the subsequent analysis by Xia et al. 

(2004). 
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Figure 2.7: Simulation results for fd = 0.34, pressure-independent Dc = 1 μm, σΔ  = 3 

MPa, a = 0.8 mm, and oT  = 5 μs.  (a) The dependence of supershear transition distances 

L on the compression P in our simulations (the solid red curve).  The simulations fit the 

experimental results (shown as dots) quite well.  The trasition distances based on the 

work of Andrews (1976) and the subsequent analysis of Xia et al. (2004) with the pres-

sure-independent Dc = 1 μm (and hence 1~L P− ) are 30%-50%  larger (dashed blue 

curve). Note that the vertical axis has a different range compared to Fig. 2.2a, 2.4a. (b)-

(d) Rupture speed vs. the location of the rupture tip for the cases of P = 11 MPa, 12 MPa, 
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and 13 MPa.  Vertical dashed lines correspond to the rupture tip position at end of the 

initiation process, when t = oT  = 5 μs.  We see that the effect of the end of the nucleation 

process on the rupture speed is similar for all P and much smaller than for the cases of 

section 2.3, and that the rupture propagates with speeds close to Rc  for a while before 

transitioning to supershear speeds. 

 

 

2.4.2 Supershear transition by the Burridge-Andrews (daughter-

crack) mechanism 

 

To determine how the supershear transition takes place, we plot, in Fig. 2.8, two snap-

shots of the slip velocity and shear stress distribution, one right after the transition and 

one at a later time, for the case of 11 MPaP = .  As in Fig. 2.3, the values of shear stress 

normalized by the normal stress oσ  are shown, with 0.6 corresponding to the static fric-

tion coefficient.  At the time 17t =  μs (Fig. 2.8a), the tip of the main rupture is at the lo-

cation of 15.7 mmx =  and the region 0 15.7 mmx≤ ≤  represents half of the current ex-

tent of the rupture.  The normalized shear stress value at the location of the rupture tip is 

0.6.  As in Fig. 2.3, there is a shear stress peak in front of the main rupture, at about 

18 mmx = , but, unlike in Fig. 2.3, the shear stress peak is also at 0.6.   This has caused 

the nucleation of a daughter crack at the shear stress peak, which appears on the profile of 

sliding velocity as a small bump in front of the main rupture.  The main rupture and the 

daughter crack are well-separated at this point in time.  At 22t =  μs (Fig. 2.8b), the 
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daughter crack has grown; it is clearly propagating with supershear speeds, as it has over-

taken the shear wave front shown by the red dashed line.   

 

Hence we find that supershear transition in this parameter regime occurs by the classical 

Burridge-Andrews (mother-daughter crack) mechanism.  To show that this is the case for 

all values of P, we plot, in Fig. 2.8c, the transition distance and the location of the shear 

stress peak at the time of the transition.  As we can see, they almost coincide for all P, 

indicating that supershear transition occurs at the shear stress peak, and hence by the 

mother-daughter crack mechanism.   
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Figure 2.8: Supershear transition by the Burridge-Andrews mechanism. (a) and (b) 

Snapshots of sliding velocity and normalized shear stress right after supershear transition 

and at a later time for the simulation of Fig. 2.7b. The shear stress peak traveling with the 

shear wave speed in front of the main rupture has reached the nondimensional static fric-

tion strength of 0.6 and a daughter crack is initiated (panel a).  The daughter crack has 

supershear speeds and overtakes the shear wave front (panel b).  (c) Locations of the 

shear wave front and rupture tip when supershear transition occurs, for the case of 

Fig.2.7a.  We see that, for all P, the location of supershear transition and the shear stress 
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peak at the shear wave front coincide, indicating transition by the Burridge-Andrews 

(mother-daughter crack) mechanism in all cases. 

 

 

2.4.3 Simulations with pressure-dependent Dc 

 

The effect of using pressure-dependent 1/2
cD P−∝  with 1 cD = μm for 9 MPaP = , is 

shown in Fig. 2.9.  In Fig. 2.9a, the dashed blue line gives transition distances for the 

pressure-dependent Dc..  We see that the transition distances are too short, falling down 

rapidly for larger values of P.  This is because cL  decreases more rapidly with P in this 

case, so that / ca L  varies from 0.4 to 1.2  as P varies from 8 to 16 MPa.  In fact, the very 

small transition distances for 13 MPaP ≥ correspond to the rupture transitioning to su-

pershear speeds directly at its tip right after its initiation, with / cL L  of about 1.5 (this 

phenomenon is discussed further in section 2.4.4).  Hence, for this set of parameters, the 

pressure-dependent cD  does not give a good match to experiments.  However, the dy-

namic friction coefficient and rupture initiation parameters can be slightly adjusted to re-

sult in a good fit.  For example, selecting 0.345df =  and 0.55 mma = results in a good 

match between the experimental results and simulations with pressure-dependent cD  

(Fig. 2.9b, blue dashed curve).  Hence the experimental results can be matched well with 

both pressure-independent and pressure-dependent cD , with small variations in other pa-

rameters.   
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Figure 2.9: Comparison of supershear transition distances L in simulations with pressure-

independent Dc = 1 μm (solid red curves) and pressure-dependent 1/2
cD P−∝  with Dc = 1 

μm for P = 9 MPa (dashed blue curves).  (a) Results for parameters of Fig.2.7a, fd = 0.34, 

σΔ  = 3 MPa, a = 0.8 mm, and oT  = 5 μs.  Pressure-independent Dc fits the experimental 

measurements well in this case, while pressure-dependent Dc does not.  (b) Results for 

slightly modified parameters fd = 0.345, σΔ  = 3 MPa, a = 0.55 mm, and oT  = 5 μs.  In 

this case, pressure-dependent Dc results in a good match. 

 

 

2.4.4 Dependence of supershear transition on parameters of the rup-

ture initiation procedure and cases with the direct supershear transi-

tion 
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In sections 2.4.1, 2.4.2, and part of 2.4.3, we used the following parameters of the rupture 

initiation procedure: 0.8 mma =  (with / ca L  varying from 0.46 to 0.92 for the range of 

P considered), 3 MPaσΔ = , and 5oT =  μs.  Fig. 2.10 shows how supershear transition 

distances are affected when these parameters are varied.  As in section 2.3.4, the overall 

behavior is not a simple translational change, although, in this case of larger / cL L , there 

is less complexity than in the case of much smaller / cL L  of section 2.3.4.  In fact, the 

response of the transition distances L to variations in the duration oT  (Fig. 2.10c) is what 

one would intuitively expect, with larger values of oT  corresponding to smaller values of 

L.   

 

For some values of a and σΔ , the transition distances can be much smaller, as the ones 

we compute for 0.9 mma =  and 13 MPaP ≥  (Fig. 2.10a), and for 3.5 MPaσΔ =  and 

13 MPaP ≥  (Fig. 2.10b).  The origin of such much smaller transition distances is the 

change in the transition mechanism from the Burridge-Andrews mechanism to the direct 

transition at the rupture tip.   This is illustrated in Fig. 2.10a, which shows that the super-

shear transition for 9 MPaP =  occurs through the classical mother-daughter crack me-

chanism, while the supershear transition for 15 MPaP =  occurs directly at the rupture 

front.  In the latter case, we see that the rupture history is such that no shear stress peak 

has developed in front of the rupture at the time of the transition.  The normalized transi-

tion distances for the direct transition mechanism are small, e.g., / 1.7cL L =  for 

15 MPaP = , consistently with our discussion in section 2.3.5. 
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Figure 2.10: Dependence of transition distances on the parameters of the initiation proce-

dure for the case of fd = 0.34 and pressure-independent Dc =1 μm. The reference set of 

parameters is that of Fig. 2.7a, a = 0.8 mm, σΔ  = 3 MPa, oT  = 5 μs.  In each panel, one 

of these parameters is varied and the results are shown for simulations with different val-

ues of: (a) the half size a of the rupture initiation procedure, (b) normal stress reduction 

Δσ, and (c) duration To.  In panel (a), the snapshots of sliding velocity and shear stress for 

two values of P show that, for a = 0.9 mm, supershear transition occurs by the Burridge-
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Andrews mechanism for smaller P and by the direct transition at the rupture tip for larger 

P. 

 

 

2.5 Discussion of the two regimes in parameter space 

 

Our simulations with the rupture initiation procedure that mimics the effects of the wire 

explosion show that the rupture can transition to supershear speeds by two mechanisms:  

the direct transition at the rupture tip (sections 2.3.2 and 2.3.5), and the Burridge-

Andrews (or mother-daughter crack) mechanism (section 2.4.2).  Our goal has been to 

identify parameter combinations which would match all experimentally determined tran-

sition distances.  After considering cases with two different values of the seismic ratio, 

0.5s =  (section 2.3) and 1.0s =  (section 2.4), we have found that, in all scenarios with 

0.5s =  that match experimentally observed values, the transition occurs directly at the 

crack tip, while in the regime of 1.0s = , one can find parameters of the initiation proce-

dure and critical slip cD  that lead to a good match with experimental values for the Bur-

ridge-Andrews mechanism.   

 

As discussed in section 2.3.5, the direct transition mechanism is likely caused by the rela-

tively abrupt radiation of waves from the rupture initiation procedure.  That stress field, 

when passing by the rupture tip, can enable the tip to meet the static friction threshold 

with supershear speeds.  Note that the nature of typical elastodynamic stress fields is such 

that stress increases propagate with speeds between the shear wave speed and the dilata-
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tional wave speed, and with speeds below the Rayleigh wave speed, while stress de-

creases propagate with speeds between the Rayleigh wave speed and the shear wave 

speed.  That is why rupture speeds, driven by the elastodynamic stress fields of the prob-

lem, are either sub-Rayleigh or supershear.  If the relatively abrupt stress field radiated  

by the rupture initiation passes by the rupture tip without causing the direct transition, 

then the crack remains sub-Rayleigh until, for sufficiently small seismic ratios s, it devel-

ops a large enough shear stress peak in front and transitions to supershear speeds by the 

mother-daughter crack mechanism.   

 

The parameter regime of section 2.3 may favor the direct supershear transition for several 

reasons.  It has a lower seismic ratio s = 0.5 that promotes supershear transition.  It has a 

higher stress drop, 0 0 0( ) /d df fτ τ σ− = − .  Another difference between the two parameter 

regimes is the values of the parameter /R o cc T L  which estimates how long (or developed) 

the rupture is at the end of the initiation procedure.  If the rupture is relatively short at 

that time, with /R o cc T L  of about 1 or 2, then the initiation region is still a large fraction 

of the overall rupture length and the rupture has to be vigorous enough to survive the 

slow-down in the initiation region.  That requires a stronger initiation procedure which 

would also promote the direct supershear transition.  That is exactly what happens for the 

cases in sections 2.3.1-2.3.4 where, depending on the rupture initiation parameters, the 

rupture either arrests shortly after the end of the initiation procedure or survives but then 

experiences the direct transition to supershear speeds at the rupture tip.  In sections 2.4.1-

2.4.3, /R o cc T L  is much larger, more than 3, which means that the crack is well developed 

at the end of the initiation procedure, and the end of the initiation procedure does not 
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have a significant effect.  That allows us to use a more gentle initiation procedure in sec-

tions 2.4.1-2.4.2 (with 3.0 MPaσΔ =  and not 5 MPa as in section 3), which leads to sus-

tained rupture propagation but not the direct supershear transition.   

 

Can we distinguish between the two transition mechanisms in the experiments?  In Xia et 

al. (2004), the rupture progression was captured by photoelastic images taken every 2 μs 

which, for the rupture propagating close to the Rayleigh wave speed, translates into spa-

tial resolution of the crack tip position of 2 mm.  However, the supershear rupture is 

clearly identifiable on the images only after it generates visible Mach cones, i.e., some 

time after the transition.  Hence it is not easy to distinguish between the daughter crack 

which nucleates 1-3 mm in front of the crack tip and a supershear surge of the main crack 

tip itself.   

 

A more promising approach is to compare slip velocity histories from simulations and 

from experiments.  These experimental measurements can be done using laser velocime-

ters (Lykotrafitis et al. 2006; Lu at al. 2007; Rosakis et al. 2007).  In particular, Lu at al. 

(2007) recently reported experimental observations of both pulse-like and crack-like rup-

tures, some of which transitioned to supershear speeds in the time window of the obser-

vations.  The experimental set-up was the same as in Xia et al. (2004) with the addition 

of laser velocimetry.  The experimental conditions such as surface preparation, capacitor 

discharge etc. were slightly different, potentially resulting in a slightly different static 

friction coefficient, intensity of the wire explosion etc.  Fig. 2.11a shows one of the ex-

perimental slip velocity profiles, measured at the distance of 40 mm from the explosion 
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site, for the inclination angle 30α =  and 14 MPaP = .  The dashed line shows the shear 

wave arrival at the location.  Since the rupture has arrived before the shear waves, we 

know that the rupture is supershear as it arrives at this location.  There is a prominent 

peak right behind the shear wave arrival. Note the oscillations with the period of about 5 

μs present in the slip velocity profile; this is likely the 3D effect of the thickness of the 

plate (which is 10 mm) perhaps combined with the effect of the finite duration of the wire 

explosion. 

 

How does this profile compare with the ones in our simulations?  Fig. 2.11b shows the 

slip velocity profile for a case from section 2.3, with 0.2df = , 0.5s = , 13cD =  μm, 

which results in the direct supershear transition at the rupture tip.  The overall shape is 

similar between Fig. 2.11a and 2.11b, but the slip velocity values are higher in Fig. 2.11b.  

Although the rupture tip itself has transitioned to supershear speeds, there is still a de-

crease and increase of slip velocities behind the supershear rupture tip which is the signa-

ture of shear and Rayleigh waves that are left behind.  Fig. 2.11c shows the slip velocity 

profile for a case from section 2.4, with 0.34df = , 1.0s = , 1cD =  μm, which results in 

the mother-daughter crack transition mechanism.  Again, the overall shape is similar be-

tween Fig. 2.11a and 2.11c.  The experimental measurements are done on the surface of 

the sample and at a small distance away from the interface, plus Homalite may exhibit 

some nonlinear elastic or inelastic behavior at the rupture tips.  All these factors would 

prevent the experiments from recording high slip velocities right at the crack front, or 

sharp short-lived drops of slip velocity to zero, that are seen in simulations.  Other than 

that, even the level of slip velocities matches in this case, and the simulated profile of 
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Fig. 2.11c has a more pronounced peak behind the shear wave front than that in Fig. 

2.11b, consistently with the experimental measurement in Fig. 2.11a.   

 

Hence both transition mechanisms result in slip velocity profiles that qualitatively match 

the experimental results. The case with the mother-daughter crack transition does a 

somewhat better job, although this comparison is necessarily qualitative, since there are a 

lot of adjustable parameters.   However, such comparisons should yield valuable insights 

when more aspects of the experiments are quantified (most importantly, the parameters of 

the initiation procedure). 
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Figure 2.11:  Slip velocity histories at the location of 40 mm along the interface for (a) an 

experimental measurement of Lu et al. (2007), (b) a simulation with the direct supershear 

transition at the rupture tip, and (c) a simulation with the Burridge-Andrews transition 

mechanism.  In all cases, the supershear transition has already occurred, since the rupture 

tip arrives at this location faster than the shear wave front indicated by the dashed vertical 

line.  Overall, the shape of the slip-velocity profile is similar for all three cases. 
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2.6 Conclusions 

 

Motivated by the experiments of supershear transition by Xia et al. (2004), we have in-

vestigated the effect of a dynamic rupture initiation procedure and fault friction on super-

shear transition in a plane-stress model with an interface governed by linear slip-

weakening friction.  To mimic the effects of the wire explosion, our initiation procedure 

reduces normal stress over a part of the interface for a given time.   The values of the stat-

ic friction coefficient, fault prestress, and bulk material properties are well-known for the 

experimental setup of Xia et al. (2004), and we have assumed the corresponding values in 

this work.  However, the dynamic friction properties of the experimental interface and the 

parameters of the wire explosion are not precisely known, and we have considered sev-

eral plausible possibilities.  While that introduces several adjustable parameters, the re-

quirement that simulations match experimentally observed transition distances for a range 

of experimental conditions relates parameters to each other and restricts their values.     

 

We find that the dynamic rupture initiation procedure can significantly affect the super-

shear transition observed in the experiments.  First of all, it introduces the possibility of 

the direct supershear transition at the rupture tip, in which the rupture tip abruptly 

changes its speed from the values approaching the Rayleigh wave speed to supershear 

speeds.  This direct transition is likely caused by the stressing wave field radiated by the 

relatively abrupt initiation of sliding over a part of the interface, and hence it is domi-

nated by the parameters of the initiation procedure.  The transition distances for the direct 
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transition are relatively small, 1.5 to 3 / cL L  in the cases we have studied, so that the di-

rect transition occurs soon after the rupture initiation, with no obvious dependence on the 

value of the seismic ratio s (which determines transition distances in the study of An-

drews, 1976 and Xia et al., 2004, through the mother-daughter crack mechanism).   Since 

the transition distances L in the experiments of Xia et al. (2004) varied from 10 to 24 mm 

for different far-field compressions P, the direct transition mechanism can only be rele-

vant to experiments  if the values of the critical crack sizes are 3 to 8 mm (assuming 

/ 3cL L =  and equal for all P) or larger (assuming / 3cL L < ).  To initiate spontaneous 

rupture, the half size a of the region affected by the wire explosion has to be a significant 

fraction of cL .  Hence a has to be several mm in this case (in section 2.3, the half size 

5 mma =  gives a relatively good fit to experimental data ).  Such values of a require a 

0.1-mm wire to significantly affect a much larger region of 10 mm or so.  

 

The Burridge-Andrews mechanism of a supershear daughter crack can still occur for 

some parameter combinations, although the dynamic initiation procedure significantly 

shortens, by about 30% to 50% in the cases we studied, the nondimensional transition 

distances / cL L  compared to the study of Andrews (1976) and the calculations of Xia et 

al. (2004) and Rosakis et al. (2007), which assumed an initiation procedure representa-

tive of a gradually accelerating rupture.   This is because the dynamic rupture initiation 

promotes the development of the shear stress peak in front of the main rupture, which 

then reaches the static friction threshold for shorter propagation distances in comparison 

to the above-mentioned studies.  Still, the daughter-crack mechanism, even in the pres-

ence of the dynamic rupture initiation procedure, can produce much larger values of 
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/ cL L  than the direct-transition mechanism, for suitably chosen seismic ratios s.  This 

allows our simulations to match the experimental observations for smaller values of cL .  

For example, in sections 2.4.1-2.4.2, we find a good match for 2 cL  of the order of 2 mm.  

This would require that a much smaller extent of the interface affected by the explosion, 

2 mm or less (we use the half-size 0.8 mma =  in sections 2.4.1-2.4.2), compared with 10 

mm for the direct transition ( 5 mma = in section 2.3).   

 

As mentioned in section 2.2, post-experimental surfaces contain a thin layer of metallic 

debris around the explosion site, which shows how much the material of the wire spread 

after the explosion.  The spatial extent of the layer is typically 4-10 mm along the inter-

face, which would indicate that the half-size a is 2 to 5 mm.  This estimate is broadly 

consistent with the values of a we have used in sections 3 and 4.   However, it does pro-

vide a firm constraint.  On the one hand, one can argue that this estimate may be more of 

an upper bound, since, in our modeling, 2a presents the size of the region that is signifi-

cantly affected by the explosion, in terms of the resulting normal stress decrease, while 

the edges of the region covered by the metallic debris may have had only small or negli-

gible normal stress change.  This argument would favor smaller values of a, pointing to 

the parameter regime with the Burridge-Andrews transition mechanism.  On the other 

hand, the size of the particle-covered region may in fact give the value of a more directly, 

or even underestimate it, which would favor larger values of a as we used in the cases of 

the direct transition.   
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In sections 2.3 and 2.4, we have found reasonable parameter regimes that match experi-

mental transition values with both direct supershear transition at the rupture tip and the 

Burridge-Andrews mechanism, using both pressure-independent and pressure-dependent 

critical slip cD .  Hence our study shows, in part, that the experimental results do not nec-

essarily imply the pressure dependence of cD , once the effect of the rupture initiation 

procedure is taken into account. 

 

This work underscores the importance of further quantifying experimental parameters for 

proper interpretation of the experiments and for designing new ones.  In particular, the 

time- and space-dependent effects of the wire explosion need to be determined, and such 

study is our first priority.  It is possible that the wire explosion temporarily opens a part 

of the interface, a factor not considered in this study.  It is also possible and even likely, 

based on the study of Lu et al. (2007), that the interface friction is better described by a 

rate- and state-dependent law with significant rate-dependence at high slip rates rather 

than a linear slip-weakening law used in this work.  We plan to incorporate these effects 

into our future modeling. 
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Chapter 3 

Rupture Modes in Laboratory Earthquakes: Ef-

fect of Fault Prestress and Nucleation Condi-

tions 

 

3.1 Introduction   

In this Chapter, we adopt and further develop the experimental setup of Xia et al. (2004), 

and then use it to study pulse-like and crack-like rupture modes.  The issue of rupture 

modes has important implications for fault constitutive laws, stress conditions on faults, 

energy partition and heat generation during earthquakes, scaling laws, and spatio-

temporal complexity of fault slip.  Early theoretical models treated earthquakes as crack-

like ruptures, but seismic inversions indicate that earthquake ruptures may propagate in a 

self-healing pulse-like mode.  A number of explanations for the existence of slip pulses 

have been proposed and continue to be vigorously debated.  This Chapter presents first 

experimental observations of spontaneous pulse-like ruptures in a homogeneous linear-

elastic setting that mimics crustal earthquakes, reveals how different rupture modes are 

selected based on the level of fault prestress, demonstrates that both rupture modes can 
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transition to supershear speeds, and advocates, based on comparison with theoretical stu-

dies, importance of velocity-weakening friction for earthquake dynamics.   

 

This Chapter is based on Lu, Lapusta, and Rosakis (PNAS, 2007) and Lu, Rosakis, and 

Lapusta (JGR, manuscript in preparation). 

 

 

3.2 Experimental design 

 

3.2.1 Configuration that mimics crustal earthquakes 

 

Our experimental setup mimics a fault in the Earth’s crust that is prestressed both in 

compression and in shear (Xia et al., 2004).  A square Homalite plate (Figure 3.1a), with 

the dimensions 150 mm × 150 mm × 10 mm, is cut into two identical quadrilaterals, in-

troducing a fault plane with an inclination angle α  with respect to one set of the plate 

edges.  Unidirectional compression P is applied to the edges.  The fault surfaces are 

treated to create the same texture and hence the same friction properties in all specimens, 

as described in section 3.2.3.  Experimental parameters P and α  determine the resolved 

shear traction 0 sin cosPτ α α=  and normal traction 2
0 cosPσ α=  on the fault. The non-

dimensional shear prestress 0 0 0/ tanf τ σ α= =  indicates how close the interface is to 

failure according to the Coulomb criterion.  Because the static friction coefficient of the 

interface is about 0.6, the inclination angle α  is chosen to be 30 degrees or smaller to 
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ensure that sliding does not occur during the static preloading stage.   By varying α , we 

can consider the effect of different levels of nondimensional fault prestress on rupture 

dynamics.  Varying P allows us to study the effect of the absolute prestress level.   

 

Dynamic rupture is initiated in the middle of the plate and captured using high-resolution 

dynamic photoelasticity and laser velocimetry (section 3.2.4).  The rupture is triggered 

simultaneously across the entire thickness of the plate using an explosion of a thin wire as 

described in section 3.2.2.  As the result, the rupture is dominated by 2D in-plane slip, 

similarly to large strike-slip earthquakes that saturate the entire seismogenic depth.  The 

bilaterally spreading rupture is observed only until reflected waves return from the edges 

of the plate, to enable comparisons with models of dynamic rupture in infinite elastic me-

dia.  A typical observation window is 65 μs. 

 

Elastic properties of the bulk material, Homalite, are well documented (Dally and Riley 

,1991): Young’s modulus 3.86E =  GPa, shear modulus 1.43μ =  GPa, Poisson’s ratio 

0.35ν = , density 1200ρ =  kg/m3, shear wave speed 1249sC =  m/s, longitudinal wave 

speed 2187pC =  m/s, and Rayleigh wave speed 1155RC =  m/s.  Homalite has about 20 

times smaller shear modulus than typical rock materials.  Since critical crack sizes and 

nucleation sizes are proportional to shear modulus, smaller shear modulus for Homalite 

translates into smaller critical length scales, assuming similar friction properties for rocks 

and Homalite.  This enables us to reproduce rupture phenomena in smaller samples than 

would be needed for rocks. 
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Figure 3.1: (a) Schematic illustration of the experimental configuration.  Homalite sam-

ples are cut with an inclination angle α  and compressed with the far-field load P . Dy-

namic photoelasticity and laser velocimetry are used to capture the full field information 

of rupture propagation as well as local sliding velocity of the interface.  Rupture nuclea-

tion is achieved by a local pressure release due to an explosion of a thin wire.  (b) A pho-

graph of the experimental setup. 
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3.2.2 Mechanism of rupture nucleation 

 

Initiation of dynamic rupture is achieved by an explosion of a thin wire. A nickel wire 

with a diameter of 0.08 mm is embedded within a 0.1-mm hole across the entire plate 

thickness.  The ends of the wire are connected to a charged capacitor.  By abrupt dis-

charge, the stored electric energy is released and the surge of the current turns the wire 

into plasma.  The explosion relieves fault-normal compression locally, decreasing friction 

and allowing shear rupture to start under the action of the resolved shear stress in a region 

around the explosion site.   Afterwards, dynamic rupture propagates spontaneously out-

side the nucleation region, since (i) rupture concentrates shear stress at its tips, matching 

static friction outside the area affected by the explosion and spreading farther, and (2)  

fault locations behind the rupture front experience dynamic reduction in friction strength, 

as would be expected from either slip-weakening or velocity-weakening friction.   

 

The nucleation mechanism of the wire explosion has a number of experimental advan-

tages. The electric signal that causes the explosion enables synchronization of multiple 

diagnostic instruments.  Rupture initiation is achieved with known and adjustable stress 

conditions outside of the nucleation region.  The initiation procedure is repeatable, allow-

ing us to reproduce the same experimental conditions multiple times while taking differ-

ent diagnostic measurements, such as velocimeter measurements at different locations.    
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At the same time, the initiation procedure introduces additional complexity.  It is differ-

ent from the process of gradually accelerating slip occurring under slow stress increase 

due to tectonic loading obtained in a number of earthquakes models (e.g., Lapusta et al., 

2000).  However, it is conceptually representative of earthquake nucleation by rapid 

stress changes due to seismic waves.  Numerical simulations of dynamic rupture have 

shown that details of rupture initiation can significantly affect the subsequent rupture 

propagation (Festa and Vilotte, 2006; Shi and Ben-Zion, 2006; Liu and Lapusta, 2007; 

Shi and Ben-Zion, 2007; Lu et al., 2008).  Hence it is important to understand the effect 

of the initiation procedure on dynamic rupture in our experiments.  To that end, we con-

duct experiments with explosions of different strength and perform fault-normal velocity 

measurements outside the nucleation region, as discussed in section 3.3.6.  

 

 

3.2.3 Surface preparation for specimens 

 

For meaningful comparison between different experiments and for experimental repeat-

ability, it is critical for all specimens to have the same surface preparation and hence the 

same friction properties.  We have developed a controlled surface preparation procedure.  

As shown in Figure 3.2a, the original surface obtained from machining has periodic cut-

ting scratches.  By polishing it with a diluted solution of Miromet polishing compound, 

we are able to remove the scratches and make the surface transparent (Figure 3.2b).  The 

next step is to use a bead blaster to roughen the polished surface.  Fine glass beads of 44 
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μm to 88 μm in diameter are driven by compressed air out of the nozzle and strike the 

polished surface, creating the same surface texture in all samples (Figure 3.2c).  Three-

dimensional scanning by a surface profiler (Figure 3.2d) gives the average roughness of 

4.5aR =  μm.   The average roughness is defined as the average height of the surface pro-

file. 

 

 

 

Figure 3.2: Surface preparation of specimens.  (a) SEM (Scanning Electron Microscopy) 

image of the specimen surface after cutting, showing periodic scratches.  (b) SEM image 
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of the polished surface of the specimen. (c) SEM image of the surface roughened by 

bead-blasting. (d) 3D scanning image of the final sliding surface by a surface profiler. 

 

 

3.2.4 High-resolution diagnostics: dynamic photoelasticity and laser 

velocimetry 

 

As shear rupture grows bilaterally away from the nucleation region, high-speed photog-

raphy, in conjunction with dynamic photoelasticity, is used to capture full-field images of 

the transient dynamic event.  As shown in Figure 3.1a, collimated laser beams are used to 

illuminate the transparent specimen.  A pair of circular polarizers, one in front of and one 

behind the Homalite specimen, creates a fringe pattern that represents contours of maxi-

mum shear stress.  The shear stress in each fringe is given by the stress optical law, 

1 22 NF hστ σ σ= − =max / , where Fσ  is the material’s stress optical coefficient, h  is the 

specimen thickness, 1σ  and 2σ  are the principal stresses, and 1 2N n= + /  (with 

0 1 2n = , , , ) is the isochromatic fringe order.  A digital high-speed camera is positioned 

at the end of the optical axis to record a series of 16 photoelastic images with the pro-

grammable inter-frame time that can vary from 2 to 4 μs. 

 

In addition to the full-field photoelastic images, we use two velocimeters based on laser 

interferometry to measure particle velocity histories of two points, one above and one be-

low the fault interface (Figure 3.1b).  Two reflective membranes are glued at the points of 
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interest, and two separate laser beams are focused on the sides of the two membranes to 

record either the fault-parallel or fault-normal particle velocity. The size of the each laser 

beams is 66 μm and the distance between the two measurements is about 500 μm. The 

difference between the two measured fault-parallel particle velocities represents the inter-

face sliding velocity plus elastic deformation between the two measurement points. As 

discussed in section 3.3.2, the elastic deformation is taken into account when the onset 

and healing of the interfacial sliding is determined.  The maximum frequency response of 

the velocimeters is 1.5 MHz, which is fast enough to track rapid particle velocity changes 

during dynamic rupture.  The velocimeters can measure particle velocity of up to 10 m/s, 

enabling us to record high slip velocity at rupture fronts. 

 

 

3.3 Experimental measurements and their interpretation 

 

3.3.1 Measurements of particle velocity and full-field photoelastic 

snapshots  

 

Let us use representative experimental results to illustrate the two diagnostic methods  

(Figure 3.3).  In these experiments, the inclination angle is 030α =  and the externally 

applied compression is 14P =  MPa.  Particle velocity measurements at the location of 20 

mm from the hypocenter are shown in Figure 3.3a.  Individual channels marked as “up-

per” and “lower” correspond to particle velocity histories of points above and below the 

interface, respectively; the plotted measurements are shifted by −3 m/s for clarity.  The 
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particle velocities are approximately anti-symmetric, as would be expected for shear rup-

ture.  The oscillatory nature of the traces and deviations from anti-symmetry are dis-

cussed in section 3.3.3.  The points on the two sides of the interface start to move shortly 

after 10 μs when the P-wave arrives.  They move together initially and then, at 13.2 μs, 

they exhibit relative motion.  The relative motion is the sum of the elastic deformation 

between the two points and relative sliding, or slip, on the interface.  Relative velocity 

between the two measurement points is computed by subtracting the velocity history of 

the point below the interface from that above the interface.  The green dot indicates our 

estimate of rupture arrival time or the initiation of relative sliding.  Criteria for determin-

ing rupture arrival and interface locking are discussed in the next section.  The relative 

velocity reaches the maximum of 7 m/s and it is of the order of 1 m/s throughout the ob-

servation window.  This means that the interface does not lock during the observation 

window, indicating what we define to be a crack-like mode. The timing of the shear wave 

arrival, indicated by a vertical dashed line on the relative velocity trace, provides us with 

a conclusive way of judging whether rupture is supershear or not.  In Figure 3.3a, it is 

apparent that the rupture is supershear, as it arrives sooner than the shear wave.   

 

To get the slip velocity profile farther along the interface, at the location of 40 mm, an-

other experiment is done under the same experimental conditions (Figure 3.3c).  In this 

case, the P-wave arrival induces a smaller symmetric motion of the points above and be-

low the interface, consistently with the decaying amplitude of the P-wave farther from the 

hypocenter.  The initiation of sliding occurs at 27.8 μs and continues throughout the ob-

servation window, indicating that the rupture remains crack-like.  The rupture front is far-
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ther ahead with respect to the shear wave arrival than in Figure 3.3a, confirming super-

shear propagation.  

 

In order to further analyze the experiment, the relative velocity record is superimposed on 

the photoelastic fringe map (Figures 3.3b and 3.3d). This superposition, done for visuali-

zation purposes, illustrates stress concentrations at rupture tips and converts time-

dependent rupture history at one location into an approximation of the space-dependent 

rupture profile at the time of the photoelastic snapshot.  Converting the time history of the 

sliding velocity into spatial variation along the fault is based on the assumption of a con-

stant rupture speed. Since rupture is equi-bilateral, a mirrored profile (with respect to the 

nucleation site) is added for visualization purposes.  The hypocenter is marked by a star.  

The circular P-wave and shear wave fronts are marked with dashed lines.  Figures 3.3b 

and 3.3d give the superposition of photoelastic fringe patterns and relative sliding veloc-

ity for the times of 16 μs and 40 μs, respectively, illustrating the progression of the rup-

ture along the interface.  At the time of 40 μs, the supershear rupture is well developed 

and two Mach lines are emitted from the supershear rupture tip (Figure 3.3d).  The set of 

16 photoelastic images allows us to compute the evolution of rupture speed as the rupture 

propagates along the interface as discussed in section 3.7.1.  The combined diagnostics of 

laser velocimetry and dynamic photoelasticity enables us to conclusively determine both 

the rupture mode and the rupture speed. 
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Figure 3.3:  Illustration of the experimental diagnostics for an experiment with the incli-

nation angle 030α =  and compressive load 14P =  MPa.  (a) and (c) Fault-parallel ve-

locity histories measured 20 mm and 40 mm from the rupture nucleation site, respec-

tively. The velocities of the upper and lower measurement points are shifted by 3 m/s.  P-

wave and shear wave arrivals are indicated by dashed lines.  The estimated rupture initia-

tion time is marked by a green dot.  Once initiated, the sliding continues throughout the 

observation window, corresponding to the crack-like rupture mode.  The rupture is super-

shear, since rupture initiation occurs earlier than the shear wave arrival time.  (b) and (d) 

Dynamic photoelastic images captured 16  μs and 40  μs after the rupture nucleation, re-
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spectively.  Fringes represent contours of maximum shear stress. The relative velocity 

profiles from (a) and (c) are superimposed on the photoelastic images. 

 

 

3.3.2 Criteria for determining rupture initiation and locking times 

 

In order to consistently identify the timing of both interfacial sliding initiation and inter-

facial locking (or healing), and thus to determine the rupture duration, criteria are estab-

lished which account for the elastodynamic shear deformation between the measurement 

points.  Interfacial sliding starts if and only if shear stress τ  on the interface is equal to 

the static friction strength of the interface which, in turn, is equal to normal stress σ  

times the static friction coefficient sf . As discussed in section 3.6.1, normal stress σ  at 

the measurement locations is approximately equal to the initial normal stress 0σ . The dif-

ference between the static friction resistance 0sf σ  and initial shear stress 0τ  at a point 

along the interface is overcome by the dynamic shear stress increase arriving with either 

the rupture tip or the shear wave front.  Assuming uniform shear stress between the two 

measurement points, this difference in shear stress can be converted into a critical relative 

displacement cδ  that can be sustained between the two measurement points before inter-

facial sliding initiates. If μ  is the shear modulus of Homalite-100 and D is the distance 

between the two measurement location, the critical displacement is given by: 

( ) 2
0 0 0cos ( )s s

c

f P f fD D
σ τ αδ
μ μ
− −

= = ,   (3.1) 
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The time of rupture initiation can be established by integrating the relative velocity re-

cords and determining the time at which displacement equal to cδ  is accumulated; this 

time is marked by green filled dots in Figure 3.3.  This time also corresponds to a particu-

lar value cδ  of the relative velocity which we call the elastic cut-off velocity.  For the ex-

perimental conditions of Figure 3.3, the critical displacement cδ  is calculated to be 0.08 

μm and the elastic cut-off velocity is 0.43cδ =  m/s.  That value of relative velocity is 

plotted as the yellow dotted interface-parallel line in Figures 3.3b and 3.3d.   

 

To determine when the sliding stops, we employ two criteria.  According to the first crite-

rion, sliding stops when the relative velocity becomes smaller than the elastic cut-off 

value cδ .  If the relative velocity decreases below cδ  several times, we take the last time 

as the time of interface locking.  Those times are marked by half-filled red dots in Figure 

3.3 and other Figures.  The second, more conservative, criterion is to insist that the rela-

tive velocity drops to zero and that the integral of relative velocity from that time until the 

end of observation time is a small fraction (less than 5%) of the total accumulated relative 

displacement.  The corresponding times are marked by fully filled red dots in later Fig-

ures.  The two different locking criteria produce the same qualitative results with respect 

to rupture duration and hence rupture mode identification, as discussed in the following 

sections.  In Figure 3.3, the interface at the measurement locations slips throughout the 

observation window and neither one of the locking criteria are met. 
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3.3.3 Three-dimensional (3D) effect of the plate thickness 

 

It is important to understand whether the experimental setup is well-described by a 2D 

plane-stress model, as assumed in the analysis of Xia et al. (2004) and Lu et al. (2008).  

The plate dimensions, 150 mm by 150 mm, are much larger than the plate thickness of 10 

mm, implying that 2D plane-stress approximation should be valid.  In addition, the rup-

ture initiation mechanism acts simultaneously through the thickness of the plate (section 

3.2.2), further promoting the 2D nature of the resulting stress and strain fields.  At the 

same time, the fact that the stress and strain fields are non-uniform through the thickness 

of the plate may influence the experimental results; in the following, we refer to such po-

tential influence as “the 3D effect”.  In particular, initial stages of rupture propagation 

over distances of the order of the plate thickness may be influenced by the locally 3D ge-

ometry, and that influence may persist at later times through wave-mediated stress trans-

fers and interaction of those waves with the rupture propagation. 

 

To study the 3D effect, we consider dynamic rupture in specimens of different plate 

thickness.  Figure 3.4 compares two representative experiments conducted under the 

same experimental conditions but with plates of different thickness: 10 mm in Figure 3.4a 

and 5 mm in Figure 3.4b.  Overall, the two experiments result in similar dynamic rup-

tures.  In both cases, the peak slip velocity is around 8 m/s, there is no rupture arrest with-

in the time window of observation, and the rupture is in the process of transitioning to 

supershear speeds.  One notable difference is in periods of velocity oscillations that are 

superimposed on the overall rupture profile.   These periods are about twice smaller for  
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Figure 3.4: Comparison of fault-parallel velocity measurements between (a) a regular 

sample and (b) a twice thinner sample.  For both cases, the inclination angle is 020α = , 

the compressive load is 10P =  MPa, and the measurement location is 20 mm.  The wa-

velengths of oscillations in the slip velocity profile becomes twice smaller for the twice 

thinner samples, indicating that the oscillations are at least partially due to the 3D effect.  

 

 

the twice thinner specimen, as illustrated in Figure 3.4 by marking one period of the os-

cillations in the tail of the rupture profile.  Note that the period of oscillations changes 

with time, being shorter at the rupture front and decreasing further along the rupture pro-

file. 

 

Hence the 3D effect does not change the main characteristics of dynamic ruptures but it 

does cause at least some of the observed oscillations in the measured particle velocity.  
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This is likely due to waves bouncing between the lateral free surfaces.  One consequence 

of this finding is that the 3D effect needs to be removed from the measured velocity pro-

files before the profiles can be quantitatively compared with results of 2D modeling. Note 

that the contribution of the 3D effect to the upper and lower measurements is not exactly 

symmetric, as the computed relative velocity retains some oscillations.  The lack of 

symmetry for the 3D effect is likely due to the combination of the following factors:  (i) 

the wire is embedded in a semi-circular hole in the lower half of the plate, potentially 

creating some asymmetry in the radiated wave fields, (ii) in most experiments, a small 

tensile crack is created in the lower half of the plate after the explosion, and (iii) the mea-

surements are sensitive to small differences in the alignment of the laser beams of the two 

velocimeters and in the position of the laser beams with respect to the interface. 

 

The 3D effect could be partially responsible for deviations from anti-symmetric sliding 

observed in our experiments.  In 2D in-plane shear problems, the fault-parallel particle 

velocities are expected to be anti-symmetric.   Our experiments exhibit deviations from 

anti-symmetry for locations close to the nucleation region.  Figure 3.5 shows velocity 

measurements at 20 mm and 40 mm from the hypocenter.  The measurements were made 

during two experiments with the same experimental conditions.  At the distance of 20 

mm (Figure 3.5a), the lower and upper traces have opposite signs for most of the time but 

they are not exactly anti-symmetric; for example, the lower measurement (blue line) has 

higher peak velocity than the upper measurement.   When each of the two measurements  
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Figure 3.5:  Evaluation of deviations from anti-symmetry of the fault-parallel velocity on 

the two sides of the interface measured at (a) 20 mm and (b) 40 mm from the nucleation 

region.  For both measurements, 030α =  and 10P =  MPa.  Dashed lines are smoothed 

velocity profiles that are constructed by averaging the measurement within the window of 

5μs, in an attempt to approximately remove the 3D effect.  Deviations from asymmetry 

in the upper and lower measurements are present at 20 mm but virtually disappear at 40 

mm.  Smoothing the velocity profiles decreases the asymmetry, indicating that it is par-

tially due to the 3D effect. 

 

 

is averaged using a 5 μs time window, to partially remove the effect of the oscillations, 

the deviation from anti-symmetry becomes less pronounced (dashed lines in Figure 3.5a), 

indicating that oscillations due to the 3D effect are at least a contributing factor.  Another 

factor that could contribute to breaking the anti-symmetry is the wire explosion and, in 

particular, the potential Mode I component that it could create at the measurement loca-

tion.  Our measurements of fault-normal particle velocities (section 3.6.1) show that rela-
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tive fault-normal motion is rather small and within the measurement error.  Note that de-

viations from anti-symmetry virtually disappear for the measurements farther along the 

interface, at 40 mm from the hypocenter (Figure 3.5b), as would be consistent with the 

decaying influence of either the 3D nature of the initial rupture propagation or the nuclea-

tion procedure away from the hypocenter. 

 

 

3.4 Experimental observations of systematic variation from pulse-

like to crack-like rupture modes 

 

We use the experimental methodology described in Sections 3.2-3.3 to study the effect of 

prestress on rupture mode.  A series of experiments has been conducted with the inclina-

tion angle α  ranging from 020  to 030  and the compressive load P  varying from 10 

MPa to 30 MPa.  Larger values of inclination angle α  result in higher levels of nondi-

mensional shear prestress 0 0 0/ tanf τ σ α= = .  Larger values of far-field compression P 

result in higher absolute levels of stress.   

 

 

3.4.1 Variation of rupture mode with nondimensional shear prestress 

 

We find that rupture mode varies from pulse-like to crack-like as the inclination angle α  

and hence the nondimensional shear prestress 0 0 0/ tanf τ σ α= =  are increased.  This 
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systematic variation is shown in Figure 3.6 using relative fault-parallel velocity meas-

urements for three inclination angles of 020 , 025 , and 030 .  Panels (a)-(c) correspond to 

the compressive load P = 14 MPa.  The results for P = 10 MPa are reproduced in panels 

(d)-(f) for comparison.  Relative fault-parallel displacements for both compressive loads, 

obtained by numerical integration of the velocity profiles, are given in panels (g)-(i).  In 

all panels, rupture initiation and interface locking are marked by green and red dots, re-

spectively, using the criteria described in section 3.3.2.   

 

For both values of P and for smaller inclination angles 020α =  and 025α = , the result-

ing ruptures experience interface locking within the observation window.  We call such 

ruptures pulse-like.  The rupture duration, or the pulse width, increases with the inclina-

tion angle, being about 15 μs in the cases with 020α =  (Figures 3.6a, 3.6d) and about 35 

μs (for the more conservative locking criterion) in the cases with 025α =  (Figures 3.6b, 

3.6e).  The inclination angle of 030α =  results in crack-like ruptures, in the sense that 

there is no interface locking within the time of observation (Figures 3.6c, 3.6f).   The dif-

ference between rupture durations, or rise times, for the three inclination angles can be 

further visualized through the plots of the relative fault-parallel displacement (Figures 

3.6g-3.6i).  The plots also show that crack-like modes lead to larger relative displace-

ments; note that the vertical scale is different in Figures 3.6g-3.6i.    
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Figure 3.6: Variation of rupture mode with the inclination angle α  and hence with the 

nondimensional shear prestress, illustrated using 020α =  (left column), 025α =  (middle 

column), and 030α =  (right column) for two values of the compressive load,  14P =  

MPa (top row) and 10P =  MPa (middle row).  Panels in the bottom row show the rela-

tive displacement profiles for two compressive loads.  As α  increases from 020 , to 025 , 

and then to 030 , the rupture mode varies from a narrower pulse-like, to a wider pulse-
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like, and then to a fully crack-like mode.  Green and red dots indicate rupture initiation 

and locking times (section 3.3.2).   

 

 

3.4.2 Variation of rupture mode with the compressive load 

 
The experimentally observed variation of rupture mode with nondimensional shear pre-

stress described in section 3.4.1 is qualitatively consistent with theoretical predictions of 

rupture modes on velocity-weakening interfaces (section 3.5).  Another prediction of 

those theories is that the rupture mode would depend on the compressive load P, with 

larger values of P leading to more crack-like ruptures (section 3.5).  A hint of such de-

pendence is already present in the results for P = 10 MPa and P = 14 MPa presented in 

section 3.4.1, as ruptures for the larger compression of 14 MPa have slightly longer dura-

tions.  However, the differences are within experimental variability and cannot be conclu-

sively attributed to larger values of P.   

 

By considering a wider range of compressive loads P, we indeed find that the rupture 

mode systematically varies from pulse-like to crack-like with increasing P.  Note that the 

experiments with the larger values of P have been conducted specifically to verify the 

suggestion of Lu et al. (2007) that such dependence might exist, which they made based 

on their comparison of the initial set of experiments with the analysis of Zheng and Rice 

(1998).  Figure 3.7 illustrates the dependence of the rupture mode on P for two values of 
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the inclination angle, 025α =  (top row, 0 0.47f = ) and 027.5α =  (bottom row, 

0 0.52f = ).  For both angles, the rupture varies from a narrower pulse, to a wider pulse, to 

the crack-like mode, as the value of P is increased from 10 MPa to 30 MPa (top row) and 

from 22 MPa to 30 MPa (bottom row).  The measurements presented in Figure 3.7 are 

done at the distance of 40 mm from the hypocenter.  Figure 3.7 also shows that five out 

of the six presented cases have supershear speeds at this location, as evidenced by the 

rupture front arriving earlier than the shear wave front marked by the vertical dashed line.  

The supershear transition and propagation are discussed in sections 3.7 and 3.8. 

 

 

Figure 3.7: Variation of rupture mode with the compressive load P for 025α =  (top row) 

and 027.5α =  (bottom row).  Velocity histories are measured at the distance of 40 mm 
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from the nucleation site.  For both inclination angles, the rupture changes from pulse-like 

to crack-like as P is increased. 

 

 

3.4.3 Collective analysis of rupture duration 

 

The experimentally observed rupture durations for a number of experiments with differ-

ent inclinations angles α  and compressive loads P  are summarized in Figure 3.8.    In 

the Figure, rupture duration for each experiment is normalized by the maximum potential 

sliding time, which is equal to the time window of observation minus the arrival time of 

the rupture front at the measurement location.  This normalized rupture duration ranges 

from 0 (no sliding at the measurement location) to 1 (continuing sliding from the rupture 

arrival to the end of the observation).  Crack-like ruptures correspond to the normalized 

rupture duration of 1, with smaller values indicating pulse-like ruptures of progressively 

shorter duration.  For each experiment, the ends of the interval correspond to two esti-

mates of the rupture duration, with a filled dot giving the average value.  Figures 3.8a and 

3.8b show rupture durations measured at 20 mm and 40 mm from the hypocenter, respec-

tively.  Angles below 020α =  were not studied, but those experiments would have likely 

produced dying pulses or no sliding at the measurement location. For angles larger than 

030α = , prestress 0f  would exceed the static friction coefficient of 0.6, which would 

cause the sliding to occur over the entire interface at once. 
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Figure 3.8: Collective analysis of rupture duration for different inclination angles and 

compressive loads measured at the distance of (a) 20 mm and (b) 40 mm.  Rupture dura-

tion is normalized by the total possible sliding time at the location, which is equal to the 

time window of observation minus the rupture arrival time.  The normalized duration of 1 

corresponds to crack-like ruptures and smaller values correspond to progressively nar-

rower pulse-like ruptures. 

 

 

The collection of measurements in Figure 3.8 clearly shows that the inclination angle α , 

and hence the nondimensional shear prestress 0 0 0/ tanf τ σ α= = , is the dominant factor 

in determining the rupture duration and hence rupture mode, with smaller angles and 

hence lower nondimensional shear prestress favoring pulse-like ruptures of shorter dura-

tion.  Note that for the inclination angle of 028α = , the more conservative estimate of 

rupture duration gives the normalized rupture duration of 1, indicating that those ruptures 

may be fully crack-like.  For angles 029α =  and 030α = , the ruptures are clearly crack-
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like.  Lower angles produce pulse-like ruptures for most values of P.  For the wider range 

of compressive loads P explored at some angles (e.g., 025α =  in Figure 3.8b), the de-

pendence of rupture duration and hence rupture mode on P is also clearly visible.   

 

 

3.5 Qualitative agreement between the experimentally ob-

served rupture modes and theoretical predictions based on 

velocity-weakening friction 

 

The systematic variation of rupture modes from pulse-like to crack-like presented in sec-

tion 3.4 is qualitatively consistent with the theoretical study of velocity-weakening inter-

faces by Zheng and Rice (1998). The study developed a way of predicting whether the 

rupture would propagate in a pulse-like or crack-like mode on an interface which is gov-

erned by velocity-weakening friction ( )ss Vτ  and prestressed with shear stress 0τ .  Con-

sider 2D elastodynamic equations expressed as an integral relationship between the shear 

stress ( , )x tτ  and slip on the interface, in the form (Perrin et al., 1995; Zheng and Rice, 

1998):  

 0( , ) ( , ) ( , )
2 s

x t x t V x t
c
μτ τ ϕ= + − ,     (3.2) 

where ( , )x tϕ  is the functional of slip history on the interface and ( , )V x t  is the sliding 

velocity.  For uniform sliding along the entire interface, 0ϕ = .  Following Zheng and 

Rice (1998), let us define pulseτ  as the maximum value of prestress 0τ  that satisfies 

0 / (2 ) ( )s ssV c Vτ μ τ− ≤  for all 0V ≥ .  Zheng and Rice (1998) proved that no crack-like 
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solutions exists if 0 pulseτ τ< , and hence such values of 0τ  have to correspond to either 

pulse-like solutions or no rupture.  For larger values of 0τ , their study defined parameter 

T that can be used to predict the rupture mode.  Let us denote by dynaV  the larger of the 

two possible solutions of the equation 0 / (2 ) ( )s ssV c Vτ μ τ− = .  Then  

 ss

el
dyna

d dVT
d dV V V

τ
τ

=
=

,     (3.3) 

where 0 / (2 )el sV cτ τ μ= − .  That is, parameter T is the ratio of the slopes of the steady-

state friction curve ssτ  and the elastodynamic stress elτ  evaluated at their intersection 

dynaV V= .  When T exists, it is a non-dimensional scalar between zero and one.  If T is 

close to zero, the rupture mode is crack-like.  If T is close to one, the rupture mode is 

pulse-like.  If T does not exist (which occurs for 0 pulseτ τ< ), the rupture mode is either 

pulse-like or there is no rupture propagation. 

 

To apply the analysis of Zheng and Rice (1998) to our experiments, let us describe the 

frictional properties of the interface by Dieterich-Ruina rate-and-state friction law en-

hanced with additional velocity weakening at high slip velocities, as appropriate for flash 

heating.  For steady-state sliding, the friction law reduces to  

 ( )* *( ) ln /
( )

1
w

ss w
w

f a b V V f
V f

V V
τ σ

+ − −⎛ ⎞
= +⎜ ⎟+⎝ ⎠

,    (3.4) 

where *f  and *V  are the reference friction coefficient and slip velocity, respectively, a 

and b are rate-and-state friction coefficients, wV  is the characteristic slip velocity for flash 

heating, and wf  is the residual friction coefficient at high sliding rates.  Based on pre-
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liminary low-velocity friction measurements for Homalite interfaces (collaboration with 

B. Kilgore, N. Beeler, and C. Marone), we use the following values: * 0.6f = , 

6
* 1 10  m/sV −= × , and 0.005b a− = .  Since there are no high-velocity friction measure-

ments for Homalite, the values of wf  and wV  have to be selected based on indirect infer-

ences from previous studies and the flash-heating theory (Rice, 2006).  Lu et al. (2008) 

showed, through numerical simulations of dynamic ruptures on slip-weakening inter-

faces, that supershear transition distances experimentally determined by Xia et al. (2004) 

can be matched by models with a range of dynamic friction coefficients, if suitable modi-

fications in other parameters are assumed.  Lu et al. (2008) used dynamic friction coeffi-

cients 0.2 and 0.34 as examples.  Based on the values of other parameters needed to fit 

the transition distances, Lu et al. (2008) argued that 0.2 and 0.34 may represent lower and 

upper bound of the actual dynamic friction coefficient.  The residual friction coefficient 

wf  in the velocity-dependent friction description used in this study is analogous to the 

dynamic friction coefficient of linear slip-weakening friction used in Lu et al. (2008), and 

so we consider values of  0 2wf = .  and 0 34wf = .  here.  The application of the flash-

heating theory of Rice (2006) to Homalite results in the range of 0.2 m/s to 2 m/s for the 

characteristic flash-heating velocity wV , assuming plausible ranges for inputs.   We use 

the following two sets of parameters to illustrate the predictions of Zheng-Rice theory: 

0 2wf = . , 1 4 m/swV = .  (Figure 3.9a, Table 3.1a) and 0 34wf = . , 0 5 m/swV = .  (Figure 

9b, Table 3.1b).  We continue to assume that normal stress σ  is approximately equal to 

the initial normal stress 0σ  at the location where we interpret the rupture mode.  The ba-

sis for this assumption is discussed in section 3.6.1. 
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Figure 3.9: Illustration of the definition of theoretical parameters pulseτ  and T used to pre-

dict rupture mode in our analysis, based on the study of Zheng and Rice (1998), for two 

sets of velocity-weakening parameters: (a) 0 2wf = . , 1 4 m/swV = .  and (b) 0 34wf = .  and 

0 5 m/swV = . .  The dependence of the steady-state friction coefficient on sliding velocity 

is shown as a dotted blue line.  The (straight) lines of the normalized elastodynamic stress 

( ) ( ) /el elf V Vτ σ=  are also plotted, for three different inclination angles.  020α =  corre-

sponds to the shear prestress level lower than pulseτ  and parameter T is not defined in that 

case.  Higher angles of 025  and 030  result in the lines of elastodynamic stress intersect-

ing the lines of steady-state friction, with the corresponding values of parameter T given 

in the Figure.   
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Figure 9 illustrates the elastodynamic stress 0 / (2 )el sV cτ τ μ= −  and the steady-state fric-

tion dependence ( )ss Vτ , the comparison of which is used to define the mode-predicting 

parameters pulseτ  and T as described above.  The normalized steady-state friction 

 ( )* *( ) ln /
( ) ( ) /

1
w

ss ss w
w

f a b V V f
f V V f

V V
τ σ

+ − −
= = +

+
   (3.4) 

and the normalized elastodynamic stress 

 2( ) ( ) / tan
2 cosel el

s

Vf V V
c P
μτ σ α

α
= = −    (3.5) 

are plotted.   From the last expression, we see that both experimental parameters, α  and 

P, affect ( )elf V  and hence the values of pulseτ  and T.  In both panels of Figure 3.9,  P = 

14 MPa and three representative case with the inclination angles of 020 , 025 , and 030  

are considered.  0 2wf = . , 1 4 m/swV = .  and 0 34wf = . , 0 5 m/swV = .  are adopted in Fig-

ures 3.9a and 3.9b, respectively.  Both panels illustrate the same qualitative features.  For 

020α = , the elastodynamic stress (black line) is below the steady-state friction (blue dot-

ted line) for all 0V ≥  and no intersection exists between the two curves.  According to 

the analysis of Zheng and Rice (1998), in this case the rupture would either proceed in a 

pulse-like mode or not at all, i.e. the rupture would arrest.  This is consistent with our ex-

perimental results that indicate pulse-like ruptures for all cases with 020α =  that have 

been studied (Figure 3.6).  As the inclination angle increases, the nondimensional pre-

stress grows, and the elastodynamic stress lines move up; their intersection with the fric-

tion curve defines the nondimensional parameter T which varies from T = 1 when the two 

lines touch to values approaching zero for intersections at higher values of V.   The trend 
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indicates that rupture mode should become crack-like for larger inclination angles, as ob-

served in our experiments.   
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Table 3.1: Values of the mode-predicting parameter T  for the ranges of inclination an-

gles and compressive loads explored in our experiments, computed using (a) 0 2wf = . , 

1 4 m/swV = .  and (b) 0 34wf = .  and 0 5 m/swV = . .  Other friction parameters are speci-

fied in the text.   Values of T close to 0 predict crack-like modes, while values close to 1 

predict pulse-like modes.  Empty cells correspond to experimental conditions for which 

parameter T is not defined, predicting either a pulse-like rupture or no rupture.  The re-

gion 0.3T <  is shown in orange, to qualitatively indicate the experimental parameter 

space that is predicted to correspond to crack-like ruptures.  The critical value of 0.3 is 

chosen based on simulations of Zheng and Rice (1998). 

 

 

To compare the predictions of Zheng and Rice (1998) with the results of our experiments 

for all experimental parameters, we compute the values of parameter T for P from 2 MPa 

to 30 MPa and for α  from 020  to 030  (Tables 3.1a and 3.1b).  For a fixed value of P, 

e.g. P = 14 MPa, parameter T decreases from values close to 1 to values close to zero as 

the inclination angle α  increases, predicting variation from pulse-like to crack-like rup-

ture modes; empty cells of the table correspond to parameter regimes in which parameter 

T does not exist, which predicts that the rupture is either a pulse or there is no rupture.  

This is consistent with experimentally observed variation of rupture mode with the incli-

nation angle α  (section 3.4.1).  For a fixed value of α , e.g. 025α = , parameter T again 

decreases from values close to 1 to values close to zero as the compressive load P in-

creases, predicting variation from pulse-like to crack-like modes.  This is consistent with 

the experimentally observed variation of rupture mode with the compressive load P.  
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Overall, higher values of either α  or P favor crack-like rupture in experiments as well as 

in the theoretical prediction; the corresponding cells of the table are marked with orange, 

using T = 0.3 as the cut-off value based on the numerical study of Zheng and Rice (1998).  

Hence we find that the systematic variation of rupture modes observed in the experiments 

is qualitatively consistent with theories based on velocity-weakening friction.   

 

 

3.6 Effect of nucleation procedure 

 

The comparison between experimental results and velocity-weakening theories in section 

5 assumes that fault-normal stress is not altered outside the nucleation region.  The rup-

ture initiation procedure reduces normal stress locally in the nucleation region, and that 

effect can propagate along the interface, creating lower friction resistance and potentially 

providing an alternative explanation for the variation in rupture modes.  In this section, 

we study this and other potential effects of the nucleation procedure. 

 

 

3.6.1 Measurements of fault-normal motion 

 

To assess whether there are notable changes in fault-normal stress σ  outside the nuclea-

tion region, we have conducted several experiments in which the fault-normal particle 

velocity histories above and below the interface were measured at the same location (20 

mm) and with a similar setup as for the fault-parallel velocity measurements.  The con-
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figuration of the measurements is illustrated in Figure 3.10.  Two reflective membranes 

are positioned 20 mm away from the hypocenter.  Laser velocimeters are focused on two 

membrane edges separated by the distance of 0.5 mm.  The difference between the two 

fault-normal measurements would indicate changes in the fault-normal stress.  Negative 

values of relative velocity would indicate that the two measurement locations are moving 

closer together and hence correspond to increase in fault-normal compressive stress σ ; 

positive values would correspond to decrease of the fault-normal compression.  Because 

the experiments are designed to induce in-plane shear rupture, fault-normal measure-

ments are expected be much smaller than the fault-parallel ones.  This reality requires 

much higher accuracy of the alignment of the laser beams.  Other factors may affect the 

measurement, such as potential slight non-planarity of membrane surfaces and its effect 

due to relative sliding motion of the two measurement locations.   

 

 

 

Figure 3.10: Schematic illustration of the experimental setup for fault-normal velocity 

measurements. Two measurement locations are separated by 500  μm.  Note that the ex-

ploding wire is 100  μm in diameter and the distance between the wire and the measure-

ments location is 20 mm.  Any wave radiated from the nucleation site will continuously 

decay as it propagates. 
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We present fault-normal measurements for two experiments conducted with the inclina-

tion angles of 020  and 030  (Figure 3.11), which are the lowest and highest inclination 

angles used in experiments.  The individual velocity measurements above and below the 

interface generally coincide (Figures 3.11a, 3.11b), showing that the two points move to-

gether for the entire duration of the experiment.  This suggests that there are no signifi-

cant changes in the fault-normal stress.  To quantify the small differences between fault-

normal velocities above and below the interface, we compute the relative fault-normal 

velocity (Figures 3.11c, 3.11d) as well as the relative fault-normal displacement (Figures 

3.11e, 3.11f).  The relative normal measurements are about two orders of magnitude 

smaller than the fault-parallel measurements (Figures 3.6, 3.7), as expected.  To empha-

size this discrepancy, the ranges of the y-axes in Figure 3.11 are comparable to the ranges 

of the fault-parallel measurements.  The insets in panels (c)-(f) show the relative normal 

velocities and displacements in more detail, for the time period that starts with the ap-

proximate P-wave arrival time of 10 μs and includes the period of the most active sliding 

between 20 μs and 30 μs.  We see that, for both angles, the two measurement points get 

closer between 10 μs and 30 μs, by about 0.1 μm for 020α =  and 0.3 μm for 030α = .   

This indicates an increase of compression across the interface. 

 

Hence the fault-normal measurements reveal no reduction of normal stress during sliding; 

on the contrary, they point to larger compression.  This means that the observed ruptures 

are not driven by normal stress reduction propagating along the interface from the nuclea-

tion region.  In the case of 020α = , the sliding stops at about 30 to 35 μs (Figure 3.6a); 
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the relative normal velocity and displacement histories show nothing special occurring 

during those times; in fact, the variations in fault-normal quantities are minimal in that 

time interval.  Hence the arrest of sliding for 020α =  is likely caused by variations of the 

friction coefficient due to velocity-weakening friction, as advocated in section 3.5, and 

not by normal stress changes.   

 

We caution that these conclusions would require further verification, as the fault-normal 

relative displacements of 0.1 to 0.3 μs are quite small and may be testing the limits of our 

resolution.  While relative fault-normal velocity measurements are largest during the time 

interval of most active slip, from 20 μs to 30 μs, they do not exhibit a coherent change for 

that time period but rather have an oscillatory nature.  One would expect the largest mea-

surement errors to come when the membranes, which serve as focusing locations for the 

laser beams, are moving.  The motion may affect the accuracy of the velocimeters, and it 

may lead to the measurement reflecting the roughness of the membrane surfaces rather 

than any fault-normal motion.  However, the consistent increase of compression that we 

observe in the presented measurements and in several other experiments suggests that 

decrease in the fault-normal compression during sliding is unlikely.  
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Figure 3.11: Fault-normal measurements at the distance of 20 mm for the experiments 

with 020α =  (left column) and 030α =  (right column).  The compressive load is  

10 MPaP =  for both cases.  (a)-(b) Fault parallel velocity measurements above and be-
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low the interface. (c)-(d) The relative fault-normal velocity profile.  The inset gives the 

detailed view for the time window between 10 μs and 30  μs, during which the P-wave 

arrives and largest fault-parallel velocities are recorded. (e)-(f) The relative fault-normal 

displacement between two measurement points.  Negative values correspond to more 

compression. 

 

 

3.6.2 Influence of nucleation strength 

 

While in section 3.6.1 we argue that normal stress reduction due to the explosion is not 

observed at the measurement locations, the nucleation procedure can still affect rupture 

propagation through other means (Festa and Violtte, 2006; Shi and Ben-Zion, 2006; Liu 

and Lapusta, 2007; Shi and Ben-Zion, 2007; Lu et al, 2008).  For example, different ex-

plosions could create different history of sliding in the initiation region, releasing a dif-

ferent shear wave field and starting a domino effect that may significantly alter the rup-

ture development.    

 

As a first step towards understanding those dependencies, here we study the effect of the 

explosion intensity.  The results of two experiments with different charging voltage for 

the explosion are shown in Figure 3.12.  We see that the rupture duration in the two cases 

is similar, and the resulting rupture is pulse-like.  At the same time, the peak relative ve-

locity is higher for the higher voltage.  A possible explanation is that the stronger explo-
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sion creates larger sliding velocities and hence larger fault-parallel relative displacements 

in the nucleation region, and the radiated waves carry this information, affecting the peak 

sliding velocities further along the interface.  Based on these and similar experiments, we 

could conclude that, as long as the nucleation procedure is strong enough to trigger the 

rupture, the mode of the rupture would be independent of the explosion strength.  

 

 

 

Figure 3.12: Comparison of fault-parallel velocity histories obtained with different explo-

sion intensity, for 025α =  and 10P =  MPa.  (a) The capacitor bank used for the wire 

explosion is charged with the regular voltage of 1600 V.  (b)  The charging voltage is re-

duced to 75% of the regular value.  The peak slip velocity in (b) is slightly reduced but 

the rupture duration is similar. 

 

 

3.7 Rupture speeds of pulse-like and crack-like modes 
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3.7.1 Observations of supershear pulses and cracks 

 

The experimental measurements of relative fault-parallel velocity presented in section 3.4 

provide a number of examples of both supershear crack-like ruptures (Figures 3.6c, 3.6f, 

3.7c, 3.7e, 3.7f) and pulse-like ruptures (Figures 3.6a, 3.7b, 3.7d).  The speeds are clearly 

supershear in those cases as rupture arrival times (indicated by green dots) at the meas-

urement locations are smaller than arrival times of the shear wave (indicated by vertical 

dashed lines).  Ruptures typically transition to supershear speeds after a period of sub-

Rayleigh propagation, and the distance between the location of the crack initiation and 

the location of supershear transition is called the transition distance (Andrews, 1976; Xia 

et al., 2004).  The cases that result in supershear ruptures in Figures 3.6 and 3.7 have 

transition distances smaller than 20 mm and 40 mm, respectively, as those Figures pre-

sent velocity measurements at the corresponding locations.  Note that transition distances 

in our experiments tend to be larger than the ones reported in Xia et al. (2004).  The dif-

ference can be attributed to a different surface preparation and hence different friction 

properties.  
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Figure 3.13: Representative cases of supershear pulse-like and crack-like ruptures.  Fault-

parallel relative velocity histories shown are measured at 40 mm in experiments with 

14P =  MPa. (a) 027 5α = .  results in a supershear pulse-like rupture.  (b) Superposition 

of the photoelastic image captured at 44 μs and the velocity measurement from panel (a) 

The rupture front is clearly ahead of the circular shear wave front, a part of which is 

marked with a curved yellow line.  (c) 028α =  results in a crack-like rupture that has al-

most arrested at the end of the observation window.  (d) 030α =  produces a spuershear 

rupture that is clearly crack-like.  The inset shows a part of the corresponding photoelas-

tic image with the resulting Mach lines. 
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Representative cases of supershear pulse-like and crack-like ruptures are presented in 

Figure 3.13 for P = 14 MPa and three inclination angles α  of 27.5, 28, and 30 degrees.  

For 27.5α = , the rupture is clearly pulse-like, with the sliding stopping within the ob-

servation window (Figure 3.13a).  The slip history shown in Figure 3.13a consists of two 

pulses, a supershear pulse followed by a subshear pulse.   Such a sliding history could be 

indicative of the mother-daughter transition mechanism (Burridge, 1973; Andrews, 

1976), in which a supershear “daughter” rupture nucleates in front of the main sub-

Rayleigh “mother” rupture.  In numerical simulations of that mechanism (e.g., Lu et al., 

2008), the daughter and mother rupture become connected later and propagate as a single 

rupture.  The profile in Figure 3.13a could be interpreted as evidence for the mother-

daughter transition mechanism.  However, ruptures can transition to supershear speeds by 

direct change of speeds at the rupture tip (Liu and Lapusta, 2007; Lu at el., 2008).  Nu-

merical simulations show (Liu and Lapusta, 2007; Lu at el., 2008) that, in the case of the 

direct transition with no daughter crack, the supershear portion of the rupture may still 

look partially or fully disconnected from the rest of the rupture, similarly to the profile in 

Figure 3.13a.  This is due to the stress changes, and hence sliding velocity changes, 

caused by the combination of shear waves and Rayleigh waves that are left behind the 

supershear rupture tip.  Hence further study is needed to conclusively determine the tran-

sition mechanism in our experiments, as discussed in Lu et al. (2008). 

 

Figure 3.13b shows the superposition of the photoelastic fringe pattern at the time of 

44t =  μs and the slip velocity measurements from Figure 3.13a reinterpreted with re-
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spect to the interface locations as explained in section 3.3.1.   The image contains a clear 

circular shear-wave front and a ring-like fringe structure with a stress concentration tip on 

the interface ahead of the shear wave.  That stress concentration corresponds to the super-

shear rupture tip, as indicated by the superposition with the velocity measurements.  An 

interesting observation is the absence of Mach lines emitted from the supershear rupture 

tip; such Mach lines are a common feature of supershear ruptures (Rosakis, 2002; Xia et 

al., 2004).  The Mach lines are not formed at the special supershear rupture speed equal 

to 2 sc  (Rosakis, 2002).  Hence the evidence for supershear propagation from the slip 

velocity history in Figure 3.13a and the absence of Mach lines in the photoelastic image 

can be reconciled if the rupture speed is 2 sc .  In section 3.7.2, we show that the rupture 

speed in this case is indeed close to 2 sc . 

 

According to the results in sections 3.4 and 3.5, one can obtain crack-like ruptures by in-

creasing the inclination angle.  At the same time, the ruptures would remain supershear, 

as larger inclination angles translate into larger nondimensional prestress which favors 

supershear transition (Andrews, 1976; section 3.8).  This is demonstrated in Figures 3.13c 

and 3.13d.  When the inclination angle is increased to 28 degrees, the rupture remains 

supershear but the sliding zone widens, producing either a wider pulse according to the 

locking criterion based on slip velocity or even a crack-like rupture according to the more 

conservative criterion based on residual slip (Figure 3.13c).  The supershear rupture tip is 

well ahead of the shear wave, indicating that the transition distance is shorter in this case 

than in the case of Figure 3.13a, and/or that the rupture speed may be higher.  Figure 

3.13d shows the case of 30α = , an angle which results in a supershear crack-like rupture 
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as judged by measurements at the location of 20 mm from the hypocenter (Figure 3.6c).  

At 40 mm, the rupture is still crack-like, in the sense that sliding does not arrest in the 

time window of observation, and the rupture speed is clearly supershear.  The insert gives 

a photoelastic image with two clear Mach lines. 

 

 

3.7.2 Evolution of rupture speeds for supershear pulses and cracks 

 

To further analyze the supershear transition and propagation of different rupture modes, 

we infer the rupture speed evolution of the pulse-like and crack-like ruptures discussed in 

section 3.7.1. The rupture speed history is determined using the sequence of photoelastic 

images obtained by the high-speed camera.  The tip of the rupture is identified in each 

image and the rupture speed is computed as the ratio of the rupture tip advance and inter-

image time.  The rupture speed is then averaged for three neighboring images.  The loca-

tion of the jump from sub-Rayleigh to supershear speeds is confirmed by the appearance 

of two concentration of fringes in photoelastic images, one for the supershear crack tip 

and the other for the remnant of the subshear crack tip.  For the images that have well-

developed Mach lines, the inferred supershear values of the rupture speed are corrobo-

rated by measuring the angle β  that the Mach lines make with the interface and comput-

ing the rupture speed by the equation / sinr sV c β= .   
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We find that the pulse-like rupture has a larger transition distance and smaller supershear 

speeds than the crack-like rupture (Figure 3.14).  Both ruptures have subshear speeds ini-

tially, and then rupture speeds abruptly change to supershear speeds.  The pulse-like rup-

ture, obtained under the experimental conditions P = 14 MPa and 027 5α = . , has the 

transition distance of about 30 mm and supershear speeds close to 2 sc .  The crack-like 

rupture, obtained under the experimental conditions P = 14 MPa and 030α = , has the 

transition distance between 18 mm and 23 mm and supershear speeds within the interval 

between 2 sc  and pc .  The inferred transition distances and rupture speeds are consistent 

with the rupture arrival times at the location of 40 mm (Figures 3.13a, 3.13d).  The pulse-

like rupture arrives later at this location than the crack-like rupture, which is consistent 

with lower rupture speeds for the pulse-like rupture.   

 

The inferred supershear rupture speeds are in qualitative agreement with the theoretical 

analysis of supershear rupture propagation on interfaces governed by velocity-weakening 

friction by Samudrala et al. (2002).  Their asymptotic analysis determined that the inter-

val of rupture speeds between 2 sc  and pc  corresponds to stable rupture growth and that 

higher interface prestress corresponds to higher rupture speeds.  This is exactly what we 

observe in our experiments.  First, both pulse-like and crack-like ruptures develop super-

shear speeds in the interval between 2 sc  and pc .  Second, the pulse-like rupture, which 

corresponds to a lower inclination angle and hence lower nondimensional shear prestress, 

has lower supershear rupture speeds.   
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Figure 3.14: Evolution of rupture speed for a pulse-like rupture (diamonds) and a crack-

like rupture (circular dots).   Both ruptures have supershear speeds within the open inter-

val between 2 sc  to pc .  The pulse-like rupture has lower supershear speeds than those 

of the crack-like rupture.  Both observations are consistent with theories based on veloc-

ity-weakening interfaces.  

 

 

3.8 Map of rupture modes and speeds under a range of ex-

perimental conditions 
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To summarize our findings in terms of both rupture modes and rupture speeds, we create 

a diagram (Figure 3.15) that indicates, for each set of experimental conditions, whether 

the rupture is crack-like or pulse-like, and whether its eventual propagation speed is sub-

Rayleigh or supershear.  For the determination of rupture mode, we use fault-parallel ve-

locity measurements at the location of 40 mm if they are available; otherwise, we use the 

measurements at 20 mm.  The rupture is marked as supershear if it transitions to super-

shear speeds within the observation domain, which extends 60 mm from the nucleation 

location (or 120 mm if the interface on both sides of the hypocenter is considered).  Oth-

erwise, the ruptures are marked sub-Rayleigh.  This classification results in four rupture 

categories: supershear crack, sub-Rayleigh crack, supershear pulse, and sub-Rayleigh 

pulse.  They are labeled by different symbols in Figure 3.15.   

 

The diagram clearly indicates variation from pulse-like to crack-like rupture modes as the 

inclination angle (and hence the nondimensional shear prestress) and the compressive 

load are increased.  The domains of pulse-like and crack-like behavior are separated by 

an orange dashed line.  The diagram can be directly compared to Table 3.1 of theoretical 

predictions based on Zheng and Rice (1998) and our analysis in section 3.4.  The map of 

the experimental results and the table of theoretical predictions are in qualitative agree-

ment, as the upper right corner of both corresponds to crack-like ruptures, with the rest of 

experimental conditions corresponding to pulse-like ruptures or no rupture.  The qualita-

tive agreement between the experiments and theoretical predictions points to the impor-

tance of velocity-weakening friction, as discussed in section 3.5. Note that the boundary 

between the two regions has a different shape in the map of experimental results and in 
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the theoretically constructed table.  This could be partially due to the general nature of the 

theoretical analysis, which ignores the influence of the initiation procedure and assumes a 

friction law that is plausible but not yet verified for Homalite, and partially due to viscoe-

lastic effects in Homalite, which would create additional damping of energy and may turn 

what would be a crack-like mode in a purely elastic material into a pulse-like one.   Some 

of the cases studied exhibit hints of such viscoelastic behavior.  For example, in the case 

of 028α =  and 14P =  MPa, the rupture is clearly crack-like at the location of 20 mm. 

However, the measurements at 40 mm (Figure 3.13c) have lower sliding velocity behind 

the rupture tip.  Indeed, the locking criterion based on sliding velocity (section 3.3.2) in-

dicates that interface healing occurs before the end of the observation time window.  We 

mark this case as crack-like in Figure 3.15, as the more conservative locking criterion, the 

one based on residual slip, has not been met at 40 mm.  The decreased vigor of the rup-

ture between 20 and 40 mm may be due to viscoelastic effects. 

 

Figure 3.15 shows that the majority of experiments produced supershear ruptures.  We 

see that higher inclination angles and higher compressive loads promote supershear tran-

sition.  This is consistent with prior theoretical and numerical studies (Andrews, 1976; 

Xia et al, 2004; Lu et al., 2008).  The black dashed line that separates the supershear and 

sub-Rayleigh regions is generated based on the analysis of the supershear transition by 

Andrews (1976) and Lu et al. (2007).  Andrews (1976) considered an in-plane 2D shear 

rupture on an interface governed by linear slip-weakening friction, in which the shear 

strength of the interface decreases linearly from its static value sτ  to its dynamic values 

dτ  over the critical slip cD , and then remains at dτ  during subsequent sliding.  Using this 
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model, he demonstrated that the transition distance depends only on the critical crack half 

length cL  and on the seismic ratio s as follows:  
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( )F s  is a numerically determined function that can be approximated by 

3( ) 9.8(1.77 )F s s −= −  as discussed by Rosakis et al. (2007). The parameters μ  and ν  are 

the shear modulus and Poisson’s ratio of the elastic solid and 0τ  is the initial shear stress 

acting on the interface.  For the geometry of our experiment, the transition distance can 

be expressed as  (Rosakis et al., 2007):  
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where 0/s sf τ σ=  and 0/d df τ σ=  are the static and dynamic friction coefficients, re-

spectively. The numerical studies of Lu et al. (2007) demonstrate that the dynamic nature 

of the rupture initiation procedure reduces the transition distances by 30% to 40%. To 

plot the theoretical prediction of the separation between sub-Rayleigh and supershear 

ruptures in our experiments (black dashed line in Figure 3.15), we (i) use values 0.6sf = , 

0.2df = , and 13cD =  μm, as these values enabled the numerical simulations of Lu et al. 

(2008) to match the experimentally determined transition distances of Xia et al. (2004),  

(ii) calculate the values of the transition distance L using the above formula for ranges of 

experimental parameters represented in Figure 3.15, (iii) apply the reduction factor of 

33% motivated by the study of Lu et al. (2007), (iv) plot the line corresponding to transi-

tion distances of 60 mm.  The size of our observation window is 60 mm in radius; and if 

supershear transition happens within the field of view, we consider it as supershear rup-
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ture.  As we can see, the resulting boundary is consistent with the experimental results.  

While the location of the line is not well-constrained experimentally on the sub-Rayleigh 

side, the line is quite successful in putting experimentally observed supershear ruptures 

into the same region.  It also predicts the extent of the sub-Rayleigh region, which can be 

more fully explored in future studies. 

 

 

3.9 Conclusions 

 

By varying the inclination angle and the compressive load, we have experimentally ob-

served pulse-like and crack-like rupture modes, and a systematic transition between them, 

in an experimental configuration that contains an interface prestressed both in compres-

sion and in shear, similarly to faults in the Earth’s crust.  Our results indicate that pulse-

like ruptures can exist on such interfaces in the absence of a bimaterial effect or local het-

erogeneities. To the best of our knowledge, these are the first experimental observations 

of spontaneous pulse-like ruptures under such conditions.  The systematic transition of 

rupture modes from pulse-like to crack-like presented in this work is qualitatively consis-

tent with the theoretical study of velocity-weakening interfaces by Zheng and Rice 

(1998). 

 

We also establish experimentally, for the first time, that both pulse-like and crack-like 

rupture modes can transition to supershear speeds.  Indeed, we observe variation from 

supershear pulse-like ruptures to supershear crack-like ruptures as the inclination angle is 
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increased.  The resulting supershear rupture speeds for the two modes are consistent with 

the analytical predictions of the velocity-weakening model of Samudrala et al. (2002).   

 

The agreement between our experimental observations and models of velocity-weakening 

faults suggests that velocity-weakening friction plays an important role in dynamic be-

havior of ruptures and implies that expressing dynamic weakening of friction solely in 

terms of slip may not be a sufficiently general description.  In the next Chapter, we con-

firm that linear slip-weakening friction, which is often used in single-rupture earthquake 

studies, fails to produce pulse-like modes in a numerical model that represents our ex-

periments.  Velocity-weakening friction, on the other hand, is capable of producing 

pulse-like ruptures in that model, although the particular form considered in Chapter 4 

has difficulties in reproducing the full range of experimental observations. 

 

To ensure that the sliding is not driven by fault-normal stress decrease (and the corre-

sponding decrease in frictional resistance) propagating along the interface due to the wire 

explosion, we have conducted fault-normal velocity measurements.  The measurements 

are very challenging because of the minute relative displacements involved, which are 

almost two orders of magnitude smaller than the fault-parallel displacements.  Our results 

indicate that there is no fault-normal stress reduction at the measurement location.  Hence 

the variation in rupture modes and rupture speeds that we observe cannot be caused by 

the nucleation-induced normal stress decrease and velocity-weakening friction remains 

the most viable explanation. 
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Figure 3.15: Map of pulse-like (diamonds) vs. crack-like (circular dots) modes and sub-

Rayleigh (open symbols) vs. supershear (filled symbols) rupture propagation observed in 

our experiments.  The boundary between pulse-like and crack-like modes (orange dashed 

line) is drawn based on the experimental results to qualitatively separate the two regimes.  

The boundary between ruptures that do and do not have supershear propagation (black 

dashed line) is drawn based on the theoretical analysis as discussed in the text. 
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Chapter 4 

Numerical Analysis of Rupture Mode Variation 

with Slip-weakening Friction and Rate-and-state 

Friction  

 

 

4.1 Introduction 

 

In this Chapter, the numerical model of Chapter 2 is used with both slip-weakening and 

velocity-weakening friction formulations in an effort to reproduce the experimentally ob-

served pulse-like and crack-like rupture modes presented in Chapter 3.  As discussed in 

Chapter 1, we find that linear slip-weakening friction cannot produce pulse-like modes, 

even in the presence of the dynamic nucleation procedure used in experiments, while ve-

locity-weakening friction can indeed reproduce both pulse-like and crack-like modes, as 

expected from our analysis in Chapter 3.  However, the particular form of velocity-

weakening friction considered in this Chapter has difficulties in reproducing the full 

range of experimental observations due to several uncertainties, such as the choice of 
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friction parameters and detailed description of nucleation procedure.  In addition, we no-

tice that the theory of Zheng and Rice (1998) on rupture mode prediction does not take 

into account the effect of nucleation mechanism and several friction parameters, which 

may have considerable impact on the establishment of rupture mode as shown by our si-

mulations.  

 

 

4.2  Difficulty of simulating pulse-like ruptures using slip-weakening 

friction  

 

Adopting the same numerical model as in Chapter 2, we start by simulating experiments 

on rupture modes with linear slip-weakening friction.  As discussed in Chapter 2, there 

are two parameter regimes which can match experimental results of supershear transition: 

(1) 0.6,  0.2,  13s d cf f D= = =  μm, and (2) 0.6,  0.34s df f= = , 1cD =  μm.  We aim to 

use these parameters to match the experimental results of  Chapter 3 (Fig. 3.15).  we con-

centrate on inclination angles from 20 to 30 degrees and two levels of compressive load, 

P = 10 MPa and 14 MPa.  In this regime, experimental results show the rupture mode 

variation from pulse-like to crack-like, and we use this general trend for comparison with 

our simulations.  

 

First of all, friction parameters (1), 0.6,  0.2,  13s d cf f D= = =  μm, are implemented.  The 

resulting rupture modes are illustrated in Fig. 4.1.  The rupture initiation mechanism is 

the same dynamic normal stress reduction of 5 μs in duration as introduced in Chapter 2 
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with 5a =  mm and 5σΔ =  MPa.  There are only two distinctive cases in this simulated 

map of rupture modes: supershear crack-like rupture and no rupture.  A dashed line sepa-

rating the two regimes indicates an abrupt transition between these two modes, without 

the presence of either sub-Rayleigh pulse, supershear pulse, or sub-Rayleigh crack.  This 

is clearly inconsistent with experimental results. 

 

 

 

Figure 4.1: Numerical simulations with linear slip-weakening friction with the parameters 

fs = 0.6, fd = 0.2, and Dc = 13 μm.  Only supershear ruptures or no ruptures occurs for the 

experimental parameters studied. There are no pulse-like ruptures.  Two representative 

cases separated by 0.5 degree in the inclination angle and marked by the small rectangles 

are illustrated in Fig. 4.2.  

 

 



121 
In order to illustrate the abrupt rupture mode change, two representative cases are se-

lected on two sides of the dashed line as marked by small rectangles in Fig.4.1.  The in-

clination angles are 24 and 24.5 degrees, and the equivalent prestress levels are 0.45 and 

0.46 respectively.  Fig.4.2 draws the snapshots of the spatial distribution of sliding veloc-

ity every 8 μs starting from 4 μs for the two cases.  From Fig.4.2 (a)(b), we can see that 

the initiation procedure nucleates two crack-like ruptures in the center of the interface, 

with almost identical sliding profiles.  This is reasonable because the trivial difference in 

prestress is not sufficient to compete with stress change due to the nucleation procedure.  

The initial profile is mainly determined by the induced normal stress drop.  At a later 

time of 12 μs, the rupture quickly dies out for 24-degree case (Fig.4.2c), but the rupture 

still exists for 24.5-degree case (Fig.4.2d).  The distinction is even more profound at 20 

μs: a completely healed interface versus a crack-like rupture on the verge of transitioning 

into supershear speeds, as shown in Fig.4.2e&f.  Accumulated slip distributions for the 

two cases are plotted in Fig.4.2 g&h for every 2 μs.  They clearly show an arresting rup-

ture in the 24-degree case and an expanding crack in the 24.5-degree case.  Two red stars 

mark the locations where supershear speed transition happens for the 24.5-degree case.   

 

The difficulty of producing pulse-like rupture in a model with slip-weakening friction is 

corroborated by the additional simulations with the friction parameters (2), 0.6sf = , 

0.34df = , 1cD =  μm.  Two cases with the inclination angles 22.5 degrees and 23 de-

grees are presented to show the accumulated slip distributions for every 5 μs.  The lower-

angle case (Fig.4.3.a) does not produce a sustained rupture.  However, if we add 0.5 de-

grees to the inclination angle, rupture propagates with the crack-like mode (Fig.4.3b).  



122 
The map of rupture modes for this parameter regime, which is not shown here, exhibits 

similar features as in Fig.4.1: transition between supershear crack-like modes and no rup-

ture, without any pulse-like rupture in between.  
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Figure 4.2: Snapshots of sliding velocity and accumulated slip distributions for two rep-

resentative simulations with a 0.5 degree difference in the inclination angle.  The left col-

umn displays the 24-degree case which is an arresting rupture after the nucleation.  The 

right column corresponds to a conventional crack-like rupture which transitions to super-

shear speeds at the location of 19.2 mm.  

 

 

 

Figure 4.3: Simulations with linear slip-weakening friction with parameters fs = 0.6, fd = 

0.34, and Dc = 1 μm.  In this case, the same conclusion could be drawn that no pulse-like 

rupture is likely to exist.  (a) and (b) are two representative cases with half degree differ-

ence in the inclination angle.  

 

 

Hence we see that, simulations with linear slip-weakening friction and the dynamic rup-

ture nucleation mechanism cannot match the experimentally observed pulse-like modes.  
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Instead of rupture mode transition from pulse-like to crack-like as observed in experi-

ments, simulations present a direct change from no rupture to crack-like rupture with a 

small increase in prestress.  This is consistent with prior theoretical studies (Heaton, 

1990; Perrin et al., 1995; Zheng and Rice, 1998) that predict that slip-weakening friction 

is not sufficient to maintain pulse-like sliding, as the healing edge of the pulse needs ve-

locity-weakening feature to arrest the sliding and stationary re-strengthening to maintain 

the locking status.  Obviously none of these requirements can be satisfied by linear slip-

weakening friction.  What we have demonstrated is that even in the presence of dynamic 

rupture nucleation procedure, slip-weakening friction cannot produce pulses.  Note that 

the nature of short duration time of the current nucleation procedure is in fact favorable 

for pulse-like rupture.  When normal stress goes back to the original level at the end of 

the nucleation procedure, typically after 5 μs, the sliding velocity in the nucleation region 

is substantially decreased or even zero.  This creates a bilateral pulse-like shape.  For ex-

ample, for 24-degree case, the unloading phase completely stops the sliding of the central 

region and two small dying pulses are left over at 12 μs (Fig.4.2c).  We find that, even if 

we feed a pulse-like rupture into the fault system governed by slip-weakening friction, 

this pulse cannot be sustained and quickly dies out or develop into a crack depending on 

the prestress conditions and other factors.   

 

 

4.3 Simulating rupture mode variation with enhanced rate-and-

state friction 
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In this section, we study whether the rate-and-state friction enhanced with flash heating 

would be able to match our experimental results.  Even if a qualitative match is obtained 

in Chapter 3, it is still necessary to do the actual simulations for two reasons.  First, we 

need to investigate how the nucleation mechanism would affect the rupture mode under 

different experimental conditions. Second, in the steady-state analysis, some friction pa-

rameters do not enter the equation and the transient evolution of friction towards steady-

state is ignored.  As a result, the table of predicted rupture mode in Chapter 3 may need to 

be corrected accordingly.  Some friction parameters inferred in Chapter 3 may not be the 

best choice given the complicated transient process of rupture nucleation and propaga-

tion.   

 

 

4.3.1 Experimental measurements of rate-and-state friction parame-

ters on Homalite interfaces  

 

The laboratory-derived rate-and-state friction (Dieterich 1979; Ruina 1983) has been es-

tablished to study the rock friction at relatively low sliding velocity of the order of 610 −  

m/s.  To reflect features observed in experiments, it stresses the velocity dependence of 

the friction, either velocity-weakening or velocity-strengthening.  For Homalite material, 

it is velocity weakening (evidence will be shown later) which means steady-state friction 

becomes lower with higher sliding velocity.  For pure velocity-weakening friction, the 

sliding is an ill-posed problem because the self-serving cycle of weakening will lead to 

the infinity of velocity.  A direct effect serves the role of regularization by imposing an 
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increase in friction when sliding velocity is subject to a sudden increase.  In addition, a 

state variable θ  is introduced to represent the average contact lifetime of the mating in-

terface.  Under this general framework, rate-and-state friction has several different for-

mulations.  The one we adopt in our simulation is the Dieterich-Ruina law, or aging law, 

enhanced with flash heating.  For constant normal stress σ , the friction coefficient 

/f τ σ=  can be expressed as: 

   (4.1) 

where * *,  f V  are reference friction and sliding velocity, ,  a b  are rate-and-state parame-

ters, L  is the characteristic slip ( /L Vθ =  in steady state), wV  is the flash heating pa-

rameter where friction will experience rapid weakening for wV V> , wf  is the residual 

friction or dynamic friction when interface slides at high slip rate.  During the steady-

state sliding ( 0d d tθ = ), friction coefficient can be written as: 
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As we can see, at low slip rates wV V , this friction obeys the standard form of rate-and-

state friction as ( )* *( ) ( ) ln /ssf V f a b V V≈ + − , with ( ) 0a b− <  for velocity weakening 

and vice versa.  For high slip rates wV V , dynV V∼ , 
ˆ
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ff V f
V V

≈ + , where 
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* *
ˆ ( ) ln( / )w dynf f f a b V V= − + − .  The weakening term wV V  in the denominator has the 

dominant effect, and friction quickly approaches wf  as interface weakens.  This friction 

law seamlessly combines the low sliding velocity and high sliding velocity regimes, 

which could describe the friction response during the rapid velocity change around rup-

ture tip.  

 

In order to quantify the rate-and-state friction parameters, we collaborate with Brian Kil-

gore and Nick Beeler (USGS) and Chris Marone (PennState) to perform rate-and-state 

friction tests on Homalite interface.  These tests are conducted with the double shearing 

configuration which is shown in Fig.4.4.  In the schematic drawing of the setup, two pairs 

of Homalite plates are compressed by the side steel blocks to apply the normal confine-

ment.  Each pair of Homalite consists of a shorter plate and a longer plate; and the longer 

one is glued to the central steel block.  Frictional sliding is enforced by the push-down 

movement of the central block and the slip and stress are recorded by the sensors.  

Fig.4.4b gives a close-up look at the actual specimens.  Note that the same surface prepa-

ration procedure has been applied here to ensure the friction property measurement is re-

levant.  In addition, the straightness of the interface is well controlled to maintain the uni-

form sliding.  Different from our dynamic rupture experiment, the sliding speed of such 

double shearing test is typically of the order of 1 μm/s.  Therefore, only the regular rate-

and-state friction properties in low slip rate regime, such as ,  ,  a b L , can be estimated by 

this test.   
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Figure 4.4: Experimental setup of the double shearing tests to measure rate-and-state fric-

tion properties.  (a) Schematic drawing of the configuration.  Two pairs of Homalite 

plates are confined by the side blocks to form double frictional mating interface.  Sliding 

is enforced by the movement of central block upside down.  (b) Real Homalite specimens 

during the test.  The short plate has the size of 50 mm 50 mm× , while the longer plate is 

80 mm 50 mm×  (work in progress in collaboration with Brian Kilgore and Nick Beeler, 

USGS). 

 

 

The typical rate-and-state friction measurement is done with the velocity stepping test as 

illustrated in Fig.4.5.  Assuming interface is sliding at a reference velocity *V  and the cor-

responding steady-state friction is *f , the friction would increase instantaneously by 

amount of *ln( / )a V V  when subjected to a velocity jump from *V  to *( )V V V= + Δ .  With 

velocity-weakening in place, i.e ( ) 0a b− < , the friction will evolve through slip of the 

order of L  and eventually resettle at a new level of steady-state friction which is 
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*( ) ln( / )b a V V−  lower than the original one.  The reverse change can also happen by de-

creasing the sliding velocity by VΔ  abruptly.  The direct effect will act to drag down the 

friction even further instantaneously but recovery will occur as slip increases.  It is nota-

ble that although the amplitude of the direct effect is the same for both jump-up and 

jump-down tests, the evolution of friction towards steady-state is not symmetric, because 

of the importance of contact time specified in Dieterich-Ruina law.  

 

The actual velocity stepping tests are presented in Fig.4.6 with three cycles to ensure the 

repeatability of the result. Two sliding velocities 1 0.1V =  μm/s and 2 0.01V =  μm/s are 

used and the steady-state friction levels are marked by two dashed lines respectively.  

The peaks of the direct effect are labeled with letters A-F. First of all, the average friction 

coefficient for 0.1 μm/s sliding is 0.592 and for 0.01 μm/s is 0.604. We take the differ-

ence of 0.012 in steady-state friction and use the equation 2 1( ) ln( / )a b V V−  to obtain 

( ) 0.005a b− = − . Then we calculate the average drop in friction at the spikes of A-C to 

be -0.026. Hence 0.011a =  can be computed from the direct effect equation 2 1ln( / )a V V . 

We could also calculate * 0.58f =  for the reference sliding velocity * 1V = μm/s. 
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Figure 4.5: Schematic illustration of rate-and-state friction response to velocity stepping 

tests.  The normalized friction is plotted against slip.  When a positive velocity change 

occurs, direct effect will drive friction to a higher level instantaneously.  Then depending 

on whether the friction is velocity-weakening or velocity-strengthening, friction gradually 

evolves into a steady state level for the new slip rate.  Opposite change occurs when we 

impose a negative velocity change.  It is notable that for the Dieterich-Ruina rate-and-

state friction implemented in our model, the evolution profiles of velocity increase and 

decrease are not symmetric.   
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Figure 4.6: Laboratory measured rate-and-state friction of Homalite through velocity 

stepping tests.  Velocity jumps are between 0.1 μm/s and 0.01 μm/s.  Three cycles of 

tests are conducted for both jump-up and jump-down cases.  The spikes in friction which 

correspond to peaks of direct effect are labeled with letters A-F, in which parameter a can 

be inferred.  In addition, two steady-state sliding levels are marked with dash lines to ob-

tain parameter ( )a b− .  The characteristic slip L is determined when evolution of friction 

has completed 82.6% of the entire change for the jump-down test in this measurement 

(work in progress in collaboration with Brian Kilgore and Nick Beeler, USGS). 
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In order to measure the characteristic slip L , we first consider a more general problem 

and apply the results to the Fig.4.6 later.  In a velocity stepping test without specifying 

the sign of change in velocity, we have: 

1

2

      for 0
      for 0

V V t
V V t
= <⎧

⎨ = ≥⎩
     (4.3) 

Hence  for 0t < , the steady state sliding yields the friction and state variable as follows: 

* 1 * * 1 * 1 * 1 1ln( / ) ln( / ) ( ) ln( / ),     /f f a V V b V L f a b V V L Vθ θ θ= + + = + − = = .  (4.4) 

1 2At 0,  when velocity change  happens, t V V= → friction is changed instantaneously by 

the direct effect, while state variable is still remained the same as before: 

* 2 * * 0 0 1 1 2 ln( / ) ln( / ),    / ,    d dt 1 /f f a V V b V L L V V Lθ θ θ θ θ= + + = = = −  (4.5) 

We can solve the ODE equation of state variable with the initial condition and get the 

evolution function of θ  as: 

2
2

2 1

1 (1 )
V t
LVL e

V V
θ

−⎡ ⎤
= − −⎢ ⎥

⎣ ⎦
    (4.6) 

Therefore, if we substitute the state variable function back to eq.(4.5), we can get expres-

sion of friction as: 

2
* 2

* 2 *
2 1

ln( / ) ln 1 (1 )
V t
LV Vf f a V V b e

V V

−⎡ ⎤
= + + − −⎢ ⎥

⎣ ⎦
  (4.7) 

Hence the friction prior to and after the stepping test can be concluded as follows: 

2

* 1 *

* 2 * * 1

* 2
* 2 *

2 1

( 0) ( ) ln( / )       
( 0) ln( / ) ln   

( 0) ln( / ) ln 1 (1 )   
V t
L

f t f a b V V
f t f a V V b V V

V Vf t f a V V b e
V V

−

< = + −
= = + +

⎡ ⎤
> = + + − −⎢ ⎥

⎣ ⎦

  (4.8) 
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At the time of 2/t L V= , the accumulated slip is the characteristic slip L , and the friction 

at that time can be written as 1* 2
* 2 *

2 1

ln( / ) ln 1 (1 )  V Vf f a V V b e
V V

−⎡ ⎤
= + + − −⎢ ⎥

⎣ ⎦
. 

The amount of friction change from the peak of the direct effect up to 2/t L V=  is 

2 1
2 1

2 1

( )( 0) ( / ) ln
1 (1 )

V Vf f t f t L V b
V V e−Δ = = − = =

− −
   (4.9) 

If velocity jumps up ten times larger 2 1/ 10V V = , change of friction is 0.84f bΔ = . The 

complete change in friction from the peak of the direct effect to the new steady state fric-

tion is 2 1ln( / ) 2.3b V V b= , and the percentage of the friction change completed by the 

characteristic slip L  is 36.5%.  Similarly, if velocity jumps down ten times smaller 

2 1/ 1/10V V = , change of friction  is 1.9f bΔ = − .  The complete change in friction from 

the peak of the direct effect to the new steady state friction is 2 1ln( / ) 2.3b V V b= − , and 

the percentage of the friction change completed by the characteristic slip L  is 82.6%.  

 

In Fig.4.6, if we apply the results discussed above to the first velocity jump-down cycle, 

we can pinpoint the location where 82.6% of the friction change occurs and find the cor-

responding time t .  If we multiply the time by the velocity 0.01 μm/s, we find that the 

value of L  varies from 0.3~0.4 μm in these tests.  This would result in a 6~8 μm effec-

tive break-down slip in the linear slip-weakening law, which is actually consistent with 

our estimation in Chapter 2.   

 

Apart from the friction properties at low slip rates, the high-speed friction, especially at 

the velocity of the order of 1 m/s, is very important for our modeling.  As we can see in 
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experimental results in Chapter 3, the average velocity of the rupture front is typically 

several meters per second.  The weakening process near the rupture front is critical to de-

termine the mode of the rupture as well as the rupture speed.  Flash heating at frictional 

asperity contact has been considered in recent earthquake studies as a mechanism for 

strong weakening of the fault interface during sliding (Rice 1999; Tullis and Goldsby 

2003; Parakash 2004; Hirose and Shimamoto, 2005; Prakash and Yuan 2004; Beeler and 

Tullis 2003; Rice 2006).  The main idea is that during rapid sliding, the accumulated heat 

generated by friction increases the local temperature of asperity contacts.  This tempera-

ture change would significantly reduce the strength of the contacts and hence the fric-

tional resistance of the interface.  If slip rate is of the order of the threshold velocity wV , 

flash heating is activated and friction reduces as shown in eq.4.2.  This critical velocity 

can be defined as (Rice 2006):  

2( )w f
w

c

c T T
V

D
ρπα

τ
−⎡ ⎤⎛ ⎞= ⋅ ⎢ ⎥⎜ ⎟

⎝ ⎠ ⎣ ⎦
,              (4.10) 

where 8 23.61337 10  m /sα − ⎡ ⎤= × ⎣ ⎦  is the thermal diffusivity, D  is the asperity size of 

contact, cτ  is the shear strength of individual contacts, w fT T−  is the temperature rise 

during the flash heating process, 6 31.39 10  J/m Kcρ ⎡ ⎤= × ⎣ ⎦  is the heat capacity per unit 

volume.  D is comparable to the characteristic slip L in rate-and-state friction, hence a 

reasonable guess is 0.4D = μm as suggested by the previous sections.  Typically shear 

strength is one tenth of the elastic shear modulus of the bulk material, therefore 

0.1 142.96 MPacτ μ= = .  Temperature change that leads to weakening could be as high 

as several hundred degrees, 210  Kw fT T n− = × .  As a result, wV  is estimated as: 
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−

−

⎛ ⎞ ⎡ ⎤× × × × × ×
= ⋅ = ×⎜ ⎟ ⎢ ⎥× ×⎝ ⎠ ⎣ ⎦

.     (4.11) 

Since Homalite is a polymer material, a reasonable guess for ( )w fT T−  is of the order of 

its glass transition temperature, which is estimated to be around 100 °C.  Having said 

that, the reasonable range of parameter wV  is between 0.1 m/s to 1 m/s.  The residual fric-

tion coefficient wf  in the velocity-dependent friction description is analogous to the dy-

namic friction coefficient of linear slip-weakening friction used in Lu et al. (2008), and so 

we consider values of 0 2 0 34wf = . ~ .  here.  The results of friction parameter estimation 

are summarized in Table 4.1.  

 

Table 4.1:Rate-and-state friction parameters 

Parameter Symbo Value 
Rate-and-state friction parameter a  0.011 
Rate-and-state friction parameter b  0.016 
Rate-and-state velocity weakening a b−  -0.005 
Characteristic slip  L  0.3 ~ 0.4 μm 
Reference sliding velocity *V  1 μm/s 
Reference friction coefficient *f  0.58 
Residual friction coefficient wf  0.2 ~ 0.34 
Critical sliding velocity for flash heating wV  0.1 ~ 1 m/s 
Initial state variable 0θ  60 s 

 

 

4.3.2 Comparison of experimental and simulated rupture modes  
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We use the friction parameters listed in Table 4.1 to conduct rupture simulations on inter-

faces governed by enhanced rate-and-state friction.  The prestress conditions in our simu-

lations are based on the experimental situations with inclination angles from 20 to 30 de-

grees and two compressive load levels of 10 MPa and 14 MPa.  

 

One representative series of rupture simulations with friction parameters 0.2 m/swV = , L 

= 0.3 μm, and 0.2wf =  is shown in Fig.4.7.  Unlike the map of rupture modes simulated 

with linear slip-weakening friction (Fig.4.1), the simulations in Fig.4.7 produce all ex-

perimentally observed rupture modes, including pulse-like and crack-like ruptures, some 

of which are supershear ruptures.  In particular, pulse-like rupture is obtained in simula-

tions that correspond to 23~25 degrees inclination angles for 10 MPa compressive load.  

As in experiments, variation of rupture mode from pulse-like to crack-like is obtained in 

simulations as inclination angle is increased.  At the same time, there is no exact match 

with experimental results in terms of rupture modes at particular angles.  Rupture modes 

are determined by sliding velocity histories at 10 mm away from the center of the inter-

face, which is the same criterion discussed in section 4.2.  Besides no rupture, pulse-like 

ruptures and crack-like ruptures, there is a “pulse-crack” rupture mode marked by squares 

in Fig.4.7.  In this mode, rupture propagates as pulse-like rupture for a while before the 

once-healed region starts to slide again.  Depending on the prestress level and interface 

strength, such re-activation of sliding may happen near the trailing edge of the sliding 

pulse, or close to the center of the interface.  On the local velocity history profile, it often 

appears as a sliding pulse followed by a crack-like rupture.   
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In order to illustrate the typical rupture modes simulated using rate-and-state friction, 

Fig.4.8 showcases snapshots of sliding velocity distribution as well as local sliding histo-

ries for three cases, with the inclination angles of 25, 27, and 30 degrees, and the com-

pressive load of 10 MPa.  The left column is the spatial sliding velocity distributions at 

15 μs.  For the case of 25 degrees, the bilateral pulse-like rupture in Fig.4.8a is approach-

ing 20 mm location and maintaining substantial sliding speed at the rupture front.  In con-

trast, the 30 degrees inclination angle results in a conventional crack-like rupture as 

shown in Fig.4.8e.  At the intermediate angle of 27 degrees, rupture is pulse-crack mode 

at 15 μs.  The re-activation of sliding happens on the trailing end of the sliding pulse.  

This secondary rupture front develops and spreads backwards to sweep the central part of 

the interface.  Up to 15 μs, almost the entire central interface, except for a very small 

patch, has re-activated sliding.  At later times (which are not shown here), all sliding 

patches are connected and a crack-like mode is established.  In the right column, local 

sliding velocity history and normalized shear stress are plotted at the location 10 mm for 

three different angles.  This allows us to observe the frictional signature of
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Figure 4.7: Rupture mode simulations with rate-and-state friction enhanced with flash 

heating.  Friction parameters are chosen as: * 0.58,  0.2wf f= = , L = 0.3 μm, a = 0.011, b 

= 0.016, ( ) 0.005a b− = − , 6
* 1 10V −= ×  m/s, 0.2 m/swV = , initial 60θ =  s.  Same nuclea-

tion procedure as in slip-weakening calculations has been applied with the half nucleation 

size 6 mm and maximum normal stress reduction 7 MPa.  Different rupture modes are 

marked by different symbols.  The transition from pulse-like to crack-like with increasing 

the inclination angle is broadly consistent with our experimental results. 

 

 

different rupture modes.  The common feature is the normalized shear stress increases to 

the level of about 0.8 to initiate sliding.  This effective static friction is higher than 0.6 

used in linear slip-weakening friction because of the direct effect of rate-and-state fric-

tion.  When sliding happens, the once high friction is quickly weakened to the level of 

about 0.2 in the vicinity of rupture front.  Then, along with the decrease of sliding veloc-
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ity, shear stress gradually increases due to the velocity-weakening feature.  When the 

background shear stress is not sufficiently high to equal the dynamic friction and support 

the sliding, healing occurs and sliding forms a pulse-like rupture as shown in Fig.4.8(b).  

For higher prestress cases, the slip velocity does not go down as much, healing effect is 

not strong enough and hence sliding continues.  For intermediate prestress case, the heal-

ing process cannot elevate the interface strength fast enough; hence when perturbation of 

shear stress arrives, it is possible for the once-healed interface to slide again.   

 

Although rate-and-state friction stresses the importance of velocity-dependent friction, 

rupture front behaves similarly to slip-weakening friction during the dynamic rupture 

propagation process: shear stress increases from pre-loading level to the static strength of 

the interface to initiate sliding, and then weakens towards the dynamic strength level over 

some slip.  The difference is that weakening is not linear with respect to the slip because 

of the inherent strong velocity dependence.  After friction reaches dynamic level, it does 

not remain constant, instead, it evolves depending on the rupture mode.  Fig.4.9a plots 

the normalized shear stress against slip for the three representative cases discussed in 

Fig.4.8.  For comparison purpose, linear slip-weakening friction is also plotted, with the 

parameters adopted in section 4.2.  In order to study the equivalence between two friction 

laws, the effective fracture energy is calculated as: 

0

0

[ ( ) ]rG d
δ

τ δ τ δ= −∫      (4.12) 

where ( ) fτ δ σ=  is shear traction, rτ  is the residual shear stress, and the upper limit 0δ  

of the integral in eq.(4.12) is the slip where residual shear stress is reached.  For linear 
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Figure 4.8: Three representative simulations with inclination angles of 25, 27, and 30 de-

grees and compressive load of 10 MPa.  Left column is the sliding velocity distribution at 

15 μs.  The right column illustrates local sliding velocity and friction at 10 mm away 

from the center of the interface.  
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slip weakening friction, r dfτ σ=  and 0 cDδ = ; while for rate-and-state friction, rτ  is the 

minimum shear stress which is determined numerically and so is the corresponding slip 

0δ .  The results are summarized in Table 4.2.  As evident from the table, we get similar 

values of fracture energy for two different friction laws.  However, the seismic ratio 

0

0

s

d

s τ τ
τ τ

−
=

−
 is quite different.  Seismic ratio of linear slip weakening law is smaller be-

cause of the lower value of sτ .  Hence we would expect simulations with linear slip-

weakening friction to favor supershear transition.  This is confirmed by comparing two 

diagrams of rupture mode in Fig.4.1 and Fig.4.7: there are more instances of supershear 

rupture in the case of slip-weakening friction.  We also plot the normalized shear stress 

against sliding velocity to see how friction evolves during the rapid acceleration and heal-

ing in Fig.4.9b.  A steady-state friction curve is superimposed onto the plot for compari-

son.  Around the initiation of sliding, shear stress is higher than the corresponding steady-

state friction.  This situation drives sliding towards higher velocity, which is evident by 

the clockwise movement on the plot.  Because of the velocity-weakening feature, the 

shear stress is getting closer to the steady state friction during such process; and for some 

cases two curves will converge and steady-state sliding is established as a result, e.g. for 

the 30 degrees case.  However, for lower prestress case, e.g. 25 degrees, the shear stress 

evolution curve falls below the steady-state friction when velocity decreases, which leads 

to complete healing of the sliding.  If we change the flash heating parameters wf  and wV , 

we change the shape of the steady-state friction curve and ultimately the rupture mode 

selection.   
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Figure 4.9: (a) Comparison of effective slip dependence of rate-and-state friction and lin-

ear slip-weakening friction.  The local sliding history is at the location 10mm is shown  

(b) Friction evolution during the rupture propagation process.  For crack-like rupture, 

friction eventually resides on the steady-state friction curve. 



144 
 
 

Table 4.3 shows the table of T based on the theory of Zheng and Rice (1998) to predict 

rupture mode.  Table 4.3a is for the same friction parameters as used for Fig.4.9, while 

Table 4.3b has smaller values of wf  and wV .  As evident by the values in the table, small-

er values of wf  and wV  lead to smaller T, which favors crack-like ruptures.  In other 

words, stronger velocity weakening would promote sliding.  Another notable feature in 

Table 4.3 is that all the values of T falls into crack-like regime.  This supports our intui-

tive conclusion that the rupture nucleation mechanism in our simulations actually favors 

pulse-like rupture.  The competing effect between stronger velocity weakening and nu-

cleation mechanism helps to generate a map of rupture mode which qualitatively matches 

the experiments (Fig.4.7).  
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Table 4.2: Fracture energy for different friction laws (per unit area) 

Note: compressive load 10P =  MPa 

 Linear 
slip-
weakening 
friction  

Rate-and-state with 
0.2wf = ,
0.2 m/swV = , 

 0.011,  0.016a b= =
 

Rate-and-state with 
0.1wf = ,
0.1 m/swV = , 
0.011,  0.016a b= =

 

Rate-and-state with 
0.2wf = ,
0.2 m/swV = , 
0.005,  0.01a b= =

25
 

26 J/m2 24.6 J/m2 29.8 J/m2 21.3 J/m2 

27
 

26 J/m2 25.1 J/m2 29.9 J/m2 21.6 J/m2 

30
 

26 J/m2 25.3 J/m2 30.0 J/m2 21.6 J/m2 

 

 

 

Table 4.3: Table of T generated based on the theory of Zheng and Rice (1998).  Two sets 

of friction parameters are used: (a) 0.2,  wf = 0.2 m/swV =  (b) 0.1wf = , 0.1 m/swV = .  
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As suggested in the previous section, enhancing velocity weakening promotes crack-like 

rupture mode.  In order to test this hypothesis, we use smaller values of flash heating pa-

rameters 0.1wf =  and 0.1 m/swV =  as in Table 4.3b while keeping everything else the 

same.  The resulting map of rupture modes is presented in Fig.4.10a.  We can see that 

there are many more instances of crack-like ruptures in this map and the region for pulse-

like rupture is suppressed.  In fact, for 14P =  MPa, there is no presence of pulse-like 

rupture; and for 10P =  MPa, there is only one pulse-like rupture case at 21 degrees.  The 

plot of slip versus normalized shear stress is given in Fig.4.10b for three different inclina-

tion angles.  It is evident that all three cases are for crack-like rupture because there is no 

healing process.  And because of the decrease of dynamic friction, seismic ratio is even 

smaller which favors supershear transition.  This is corroborated by the fact that there are 

more supershear rupture instances in Fig.4.10a than in Fig.4.7.   

 

Another approach to changing the map of rupture modes is to vary rate-and-state friction 

coefficients  and a b .  For example, if we decrease a  but keep ( )a b− , the steady-state 

friction response is maintained but direct effect is reduced that leads to (1) reduced seis-

mic ratio because of the smaller static friction strength, which promotes supershear rup-

ture and (2) smaller fracture energy and relatively higher prestress, which promotes 

crack-like rupture mode.  
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Figure 4.10: (a) Rupture mode simulations with flash-heating parameters 0.1wf =  and 

0.1 m/swV = .  Compared with Fig. 4.7, more crack-like ruptures are present.  (b) Effec-

tive slip dependence of friction.  The residual friction is reduced to 0.1 and hence seismic 

ratio is smaller.  Ruptures are more likely to transition to supershear speeds. 
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The results for a smaller value of a = 0.005 are illustrated in Fig. 4.11(a).  We see that the 

general distribution of rupture modes is shifted to the left side by about 1 to 1.5 degrees 

comparing to Fig.4.7.  The table of T would not change, because we maintain the value of 

( ) 0.005a b− = − .  The absolute values of and a b  do not enter the theory of Zheng and 

Rice (1998) and hence have no impact on the predicted rupture modes.  As a matter of 

fact, Zheng and Rice (1998) considered two different combinations of ( , )a b  but they de-

termined that the cut-off value of T does not need to be adjusted because of different a.  

While our simulations support that conclusion, as the map of rupture  modes changes on-

ly slightly, the simulations also show that the impact of different values of a may be 

might be larger than expected, especially if more significant variations in a are consid-

ered. 

 

If we look into the details of Fig.4.11a, there are two “abnormal” data points which corre-

spond to 24.5 and 25 degrees and 14 MPa.  They are sub-Rayleigh pulse-like ruptures 

positioned between the pulse-crack ruptures.  For the two neighboring conditions, 24 de-

grees and 23.5 degrees, ruptures turn into a crack-like mode from the initial pulse-like 

stage.  However, the mechanism is different: for 24 degrees case, the re-activation of slid-

ing happens at the trailing end of the sliding pulse; while for 25.5 degrees case, additional 

sliding pulses emerge from the center of the interface and eventually join the main rup-

ture to form a crack-like shape.  For the two special cases of 24.5 and 25 degrees, rupture 

maintains its pulse-like shape during the entire course of the propagation.  In Fig.4.12, the 

spatial distribution of the sliding velocity and accumulated slip are plotted every 5 μs for 

the case of 25 degrees and 14 MPa.  It is evident that a sustained bi-lateral pulse-like 
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Figure 4.11: (a) Rupture mode simulations with rate-and-state friction parameters 

0.005,  0.01a b= = , ( ) 0.005a b− = − .  Note that the direct effect is reduced but velocity 

weakening is maintained.  According to the steady-state analysis of Zheng and Rice 

(1998), we would not anticipate a change in rupture modes.  However, because of the 

lower effective static friction and fracture energy, this change promotes crack-like rup-
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tures as well as supershear transition.  (b) Comparison of effective slip dependence of 

enhanced rate-and-state friction and linear slip-weakening friction.  

 

 

rupture is propagating with a growing peak velocity.  These complex map of rupture 

modes indicates how sensitive the rupture modes are to the experimental conditions and 

our choices of friction parameters.  These observations emphasize the importance of 

quantifying friction properties 
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Figure 4.12: Growing pulse-like rupture at 25 degrees inclination angle and 14 MPa 

compressive load.  The friction parameters are 0.005,  0.01a b= = .  (a) Snapshots of ve-

locity distribution every 5 μs. (b) Snapshots of accumulated slip every 5 μs.  
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Another parameter that does not enter the theoretical predictions of Zheng and Rice 

(1998) is the characteristic slip L.  However, since the estimated critical crack size 

4 ( )c
LL

b a
π μ

σ
=

−
 (Rice and Ruina, 1983) linearly scales with L, varying L might change 

the nucleation and propagation characteristics of the rupture for the fixed length of the 

nucleation region in our model.  Here we use four different values of L, ranging from 0.3 

to 0.05 μm, to investigate this potential effect.  Fig.4.13 shows the snapshots of sliding 

velocity distribution at 15 μs for different selection of L. Experimental conditions are 

chosen as inclination angle 20 degrees and compressive load 10 MPa.  With the decrease 

of L, rupture mode varies from no rupture, to pulse-like rupture, pulse-crack rupture, then 

to crack-like rupture.  One explanation is that the ratio of the nucleation region and the 

critical crack size is increased with the smaller value of L and hence the rupture initiation 

procedure creates a strong initial rupture which is then maintained by spontaneous propa-

gation.  Similar conclusion has been reached in Chapter 2, where we study supershear 

transition distance.  These results indicate that the characteristics slip L would also impact 

rupture modes in our simulations, in addition to a and b as we discussed in the previous 

section.  
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Figure 4.13: Rupture mode variation with different selection of characteristic slip L of the 

rate-and-state friction.  Snapshots of sliding velocity at 15 μs are shown. Experimental 

conditions are the inclination angle of 20 degrees and compressive load of 10 MPa. (a) L 

= 0.3 μm. (b) L = 0.2 μm. (c) L = 0.1 μm. (d) L = 0.05 μm. 

 

 

4.4 Conclusions and discussion 

 

In this Chapter, we numerically model the rupture mode experiments with both linear 

slip-weakening friction and rate-and-state friction enhanced with additional weakening at 
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high slip rates.  The results show that linear slip-weakening friction is unable to produce 

pulse-like rupture in our modeling.  Even though the current dynamic rupture nucleation 

procedure creates initial slip pulses to the fault interface, those pulses could not be sus-

tained on a slip-weakening fault: they either die out or develop into crack-like ruptures.  

This result emphasizes that other features of dynamic friction should be introduced into 

the constitutive law to match the experimentally observed rupture mode variation.  In par-

ticular we need to add velocity weakening and stationary re-strengthening as proposed by 

previous studies (Heaton 1990; Perrin et al 1995; Zheng and Rice 1998).   

 

Sustained pulse-like ruptures start to appear when we adopt the rate-and-state friction en-

hanced with flash heating.  Through the collaboration with Brian Kilgore and Nick Beeler 

from USGS, we are able to measure rate-and-state friction of Homalite at low sliding ve-

locity.  The high-speed friction properties are estimated based on the flash-heating model.  

The results show that we can qualitatively produce rupture mode variation from pulse-

like to crack-like, as what we observed in experiments.  However, it is difficult to get 

precise agreement between modeling and experiments due to many uncertainties.  The 

rupture nucleation mechanism has not been quantified yet.  Values for several friction 

parameters are still rough estimations.  The flash-heating effect has not been experimen-

tally confirmed in Homalite, and its parameters have not been measured.  In particular, 

the proper formulation of flash-heating may need to involve another state variable, with a 

different characteristic slip L.  The direct effect of rate-and-state friction may be dimin-

ished at high slip rates from the values measured at low slip rates.  Despite these uncer-
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tainties, the current results already indicate that this modeling has potential to match ex-

perimental results if we constrain a number of model parameters.   

In terms of the effects of specific parameters on rupture modes, we find that reducing the 

values of flash heating parameters and w wV f  facilitates the crack-like rupture mode, as 

predicted by the theory of Zheng and Rice (1998).  However, our simulations show that 

some parameters which were not included in the theory can still affect the establishment 

of rupture modes, in our experiments, in part due to their interaction with the nucleation 

procedure.  In particular, the results depend on the individual values of a, b, and charac-

teristic slip L.  

 

Our studies show that we can use the rupture experiments of Chapter 3 as a benchmark 

problem to test and validate different friction models.  This, in turn, can help us to ad-

vance our understanding of rupture dynamics and improve the current friction laws.  The 

signature characteristics of our experiments, such as high temporal and spatial resolution, 

simple geometry and well-documented material properties, are necessary to construct a 

standard comparison problem.   
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Chapter 5 

Future Work 

 

5.1 Localized friction measurement at high slip rates 

 

As we show in previous Chapters, friction properties at high slip rates play a significant 

role in rupture dynamics; in particular, certain characteristics of propagating shear rup-

tures, such as supershear transition distance and rupture mode, are very sensitive to the 

selection of friction parameters.  The results in Chapter 4 illustrate that in addition to the 

efforts of measuring rate-and-state friction of Homalite, it is crucial to directly determine 

the friction response at the slip rates of the order of 1~10 m/s, which correspond to the 

sliding velocity level in the vicinity of rupture front and for much of the active rupture.  

The weakening process in that velocity regime is likely to dominate the behavior of slid-

ing and determine rupture modes and other characteristics.  

 

Here we present a design that will enable us to measure high-speed friction of Homalite 

in a setting that involves localized sliding velocity and stress measurement.  Using the 
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impact shearing setup (Rosakis et al. 1999; Lykotrafitis et al. 2006), frictional sliding can 

be enforced by the strike from a projectile (Fig.5.1), which is launched from a com-

pressed-air gas gun.  At a location along the interface, a strain gage rosette would be 

glued to the surface of the specimen, either above or blow the interface, to measure stress 

components during dynamic sliding.  The velocimetry technique can be applied to meas-

ure sliding velocity at the same location where stress information is extracted.  Depend-

ing on the pressure of the gas gun, the initial impact speed can vary from 1 m/s to 20 m/s 

or even higher, which covers all possible high speeds of interest.  The design of the pro-

jectile is flexible and, in fact, can be creative to induce various types of sliding.  One pos-

sibility is to machine a composite projectile made half of Homalite and half of steel, with 

Homalite on the striking side (Fig. 5.1).  Because of the big mismatch in wave imped-

ance, ( ) / ( ) 17.4steel Homalitec cρ ρ ≈ , the transmission wave from Steel-to-Homalite material 

boundary would result in roughly 1.9 times of the particle velocity of the incident wave. 

The two strikes, one from the initial impact between Homalite projectile and specimen 

and the other one from the transmission waves between steel and Homalite boundary 

within the projectile, would likely introduce two different levels of sliding velocity with a 

jump in between.  This framework resembles the philosophy of velocity stepping tests of 

rate-and-state friction but operates at a much higher slip rate.  
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Figure 5.1: Experimental configuration for high-speed friction measurements.  Two flat 

Homalite plates are compressed with P.  At a chosen location, reflective membranes and 

a strain gage rosette are put near each other to measure the local sliding velocity as well 

as the stress components.  A Steel-Homalite composite projectile is launched with a gas 

gun at a high speed of the order of 1~10 m/s.  Interfacial sliding is induced by the impact 

shearing effect.  A steel bar is attached to the side of the Homalite plate to avoid shatter-

ing.  

 

 

In order to demonstrate the possibility of sustained slip velocities at the measurement lo-

cations as well as of the velocity jump scenario, we conduct finite element simulations 

with ABAQUS.  Initial impact velocity 10V =  m/s and compressive load 2P =  MPa are 

applied to the system and linear slip-weakening friction is used to model the interface re-

sistance to sliding.  The resulting horizontal velocity field is shown in Fig. 5.2.  At the 
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time of 15 μs, the initial compressive waves from the impact of the projectile (Homalite 

part) and specimen have propagated into the bulk of the material and initiated some slid-

ing on the interface.  At the same time, the reflection wave moves backwards and reaches 

the Steel-Homalite boundary, as evident by the distinct velocity difference in the center 

of the projectile.  The higher-velocity steel part then pushes the Homalite part and effec-

tively initiates a second strike with higher velocity.  As a result, at the time of 45 μs, a 

bar-shaped higher velocity region moves into the bulk of the specimen and larger sliding 

velocity on the interface is expected to occur.  

 

The simulated sliding velocity history at the location of 50 mm as marked in Fig.5.2 is 

plotted in Fig.5.3.  There are two semi-constant stages of sliding velocity, with about 1.5 

m/s and 3.5 m/s and duration of more than 25 μs, which should be sufficient to establish 

steady-state friction at each speed.  In addition, the sharp velocity jump caused by the 

secondary strike can be used to study the direct effect and evolution of friction.   

 

In conclusion, the preliminary calculations show promising results for the possibility of 

high-speed friction measurement using this experimental design.  This experiment may 

significantly advance our understanding of high-speed friction.  Such localized velocity-

friction measurement will potentially reveal more details than possible to acquire in con-

ventional friction tests that average over the entire specimens.  
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Figure 5.2: Finite element simulation of the horizontal velocity field by ABAQUS.  

Compressive load P = 2 MPa and initial impact speed V = 10 m/s are used.  The interface 

is modeled using linear slip-weakening friction with 0.6,  0.2,  13s d cf f D= = =  μm.  The 

transmission waves from Steel-Homalite boundary in the projectile have higher speed.  

This would induce a velocity jump as evident by comparing the velocity field at 15 μs 

and 45 μs. 
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Figure 5.3: FEM-simulated sliding velocity at the location of 50 mm from the impact.  

There are two levels of sustained high velocity and a velocity jump from about 1.5 m/s to 

3.5 m/s due to the transmission waves from the material boundary of Steel and Homalite 

in the projectile.  This velocity profile can be used to study high-speed friction at two dif-

ferent levels and the frictional response to the velocity jump, similar to rate-and-state ve-

locity stepping test but operating at a slip rate relevant to our dynamic rupture experi-

ment.  
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5.2 Quantification of the wire explosion 

 

The importance of quantifying rupture nucleation mechanism has been mentioned many 

times throughout the entire thesis, either from the modeling perspective or experimental 

perspective.  The three signature features of the exploding wire technique: small affected 

region, short duration, and high intensity, make the quantification very challenging.  It is 

possible that the wire explosion may open a small part of the interface around the explo-

sion, initiating a small opening crack in the middle of the interface.  We would need to 

quantify this effect of the magnitude and shape of normal stress reduction (as shown in 

Fig. 5.4).  An array of velocity measurement points would surround the nucleation region 

and the velocity histories would be recorded for the inversion analysis.  Based on the 

Green’s function approach, the distributed nucleation intensity (which is also a function 

of time) could then be inferred numerically.   

 

We have conducted two preliminary tests to measure the velocity response at horizontal 

and vertical directions as shown in Fig. 5.5.  Since the horizontal interface is used, there 

is no frictional sliding involved in this test and all the information is due to the explosion 

only.  There are several interesting features in the recordings.  First of all, the initial ve-

locity spike in the vertical measurement is two times larger than the horizontal counter-

part.  This indicates that the wave front generated by the explosion is not axisymmetric. 

This is consistent with the hypothesis that part of the interface would open.  The second 

notable feature is the good repeatability of the measurement.  Two independent experi-

ments yield similar profiles of the velocity history as evident in Fig.5.5.  The third feature 
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Figure 5.4: Proposed quantification of the explosion.  An array of velocimetry measure-

ment locations is positioned around the explosion site.  The effect nucleation region is 

modeled as a distributed zone.  Through numerical inversion, we plan to quantify the de-

tails of nucleation mechanism, such as strength and duration.   

 

 

is the periodic oscillations which are likely coming from the 3D effect discussed in Chap-

ter 3.  These preliminary measurements show that this explosion quantification design 

would work.  We are optimistic that with more measurements in the future, the rupture 

nucleation procedure, as well as friction properties as discussed in section 5.1, can be 

well constrained and integrated into modeling presented in Chapter 4 for more rigorous 

comparisons with experiments. 
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Figure 5.5:  Preliminary velocimetry measurements for explosion quantification.  Two 

laser beams are positioned along horizontal and vertical as shown.  For a horizontal inter-

face, there is no sliding, hence the measurement is entirely the response to the explosion.  

Two independent experiments are conducted to prove the good repeatability of the meas-

urements.  The fact that the vertical measurement has higher initial peak indicates that the 

wave front of the explosion is not perfectly axisymmetric.  
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5.3 Effect of inhomogeneities and complex fault geometries on rup-

ture dynamics 

 

In this thesis, most of the experiments and simulations are based on the homogeneous 

fault system.  However, from field observations, the Earth crust is known to be highly 

inhomogeneous with a distribution of strong and weak patches.  The local length of these 

strong/weak patches can often be comparable to the rupture propagation length.  That 

means that if some inhomogeneous patch is located around the fault line, the influence of 

such an inhomogeneity on rupture propagation cannot be ignored and needs to be treated 

carefully.  One obvious effect of such inhomogeneities is that their pressure influences 

the local normal and shear stress distribution at the vicinity of the rupture region.  The 

question that naturally arises is whether and how such driving stress inhomogeneities will 

affect the rupture propagation characteristics.  Possible ways to do so include the sup-

pression/delay/acceleration of the transition from sub-Rayleigh to supershear as well as 

the possibility of influencing the rupture mode by inducing transitions from crack-like to 

pulse-like rupture behavior.  Here we consider the case of material inhomogeneities 

which reside on either side of the fault line and do not intersect the fault. 

 

There are several possible methods to induce driving stress inhomogeneities in a con-

trolled manner.  The first one is to machine two identical holes above and below the in-

terface separating a pair of Homalite-100 plates as in Figure 5.6a. In this figure the con-

necting line of the two centers of the holes is chosen to be perpendicular to the interface.  
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Problem variables controlling the magnitude and the width of the inhomogeneity can be 

the distance between the holes as well as the hole diameters. The distance of the holes 

pair relative to the hypocenter can serve as another variable. For far-field load levels and 

fault plane angles corresponding to sub-Rayleigh to supershear rupture speed transitions 

(Xia, Rosakis and Kanamori, 2004), this distance can be chosen to be of the order of the 

transition length. This would allow us to directly observe the effect of local stress field 

reduction on suppressing the transition to supershear.  Stiffer material, such as steel, can 

also be inserted into the hole to form a strong patch; while softer or porous material can 

be inserted to simulate a weak or more compliant patch.  The velocimeters will also be 

integrated with the high-speed photography technique to investigate the rupture pattern at 

different locations.  It is interesting to investigate whether the crack-like to pulse-like 

mode transitions can be triggered or suppressed by the pressure of such local driving 

stress reduction or enhancements.  An alternative way to induce stress inhomogeneities is 

to machine periodic arrays of holes at some region adjacent to the interface as shown in 

Figure 5.6b.  The goal of this method is to decrease the local stiffness of the Homalite 

plate introducing periodic hole patterns of certain dimensions and density.  Under far-

field pressure loading, these small holes will deform and induce an inhomogeneous nor-

mal and shear stress distribution along the fault. The density and diameter of these peri-

odic holes will serve as the variables controlling the magnitude and periodicity of the 

stress inhomogeneity.  
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Figure 5.6: Stress inhomogeneities due to inclusions in the bulk of the material (a) Strong 

and weak patches model.  (b) Array of holes model. 

 

 

Different from local stress reduction or enhancement effects discussed above, this stress 

inhomogeneity can also achieved by inducing various types of far field tectonic loading. 

Two representative cases are shown in Figure 5.7.  These two cases correspond to (1) 

high driving stress near the nucleation region and low driving stress elsewhere (Figure 

5.7a);  (2) high driving stress on one side and low driving stress on the other (Figure 

5.7b). In the laboratory, such loading inhomogeneities can be achieved by inducing dis-

placement boundary condition control. Instead of applying uniform pressure through a 

flat steel plate, the top surface of the steel block is machined to be of certain geometry, 

such as one containing a step in the middle.  Although Saint-Venant’s principle will af-

fect the stress distribution and particularly smooth out the driving stress inhomogeneity, a 

substantial stress inhomogeneity due to the discontinuous far field loading is still ex-

pected to exist along the fault. 
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Figure 5.7: Inhomogeneous far-field loading: (a) High central stress (b) Step loading 

 

 

We also consider controlled inhomogeneities in interfacial strength. In order to create va-

riable heterogeneous interfacial strengths as described in Figure 5.8, glue and lubricant 

will be applied either periodically or randomly to an initially smooth interface.  The rup-

ture front will meet these interface strength inhomogeneities during propagation.  Several 

interesting behaviors of the rupture, such as arrest/delay/acceleration, could be triggered 

by the interaction between the propagating rupture front and such inhomogeneities.  The 

occurrence of various sliding modes, such as crack-like rupture, pulse-like rupture and 

multiple pulses, will also be investigated by velocimeters. 
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Figure 5.8: Interface strength inhomogeneity models: (a) Random dots (b) Periodic strips 

 

 

In the current thesis, fault planes are assumed to be continuous and straight. However 

such idealized fault geometries are rarely present in real earthquakes. Actually, echelon, 

kinked and branched faults are prevalent in seismological observations. It is felt that it 

would be valuable to reproduce such more complex fault geometries in the laboratory so 

that their effect on rupture speed histories and sliding modes would be studied in a sys-

tematic way. During a single earthquake, rupture often jumps across several smaller 

faults segments.  This phenomenon has been documented in relation to the 1966 Parkfield 

earthquake (Segall and Du, 1993), the 1999 Izmit, Turkey, earthquake (Harris, Dolan, 

Hartleb, and Day, 2000), and the 1992 Landers event (Zachariasen and Sieh, 1995).  The 

field evidence in these cases suggests that rupture can jump between adjacent faults for 

stepover widths less than ~5 km.  Similar results have been shown in the numerical work 

of Harris and Day (1999) who modeled the Izmit earthquake rupture which propagated 

over the segmented North Anatolian fault. The experiments are designed to visualize rup-
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ture transmission across stepovers.  The specimen can be constructed using several dif-

ferent techniques. One way would consist of machining the interfaces in a zigzag or ‘z’ 

pattern (Figure 5.9a). The sections representing the faults would be left to naturally mate 

by compression and friction, whereas the segment at the center would be bonded with a 

very strong adhesive having properties identical to those of the base material. Another 

way is to construct a multiple-layered system as in Figure 5.9b. The rupture could be 

triggered either on the top or on the bottom interfaces. Adhesive glue could be applied to 

the right side of the top interface thus creating a strong barrier retarding the rupture 

growth.  In such a case the secondary interface could serve as the potential fault line for 

the rupture to jump to the bottom interface.  Parameters such as stepover width and over-

lap will be chosen carefully to investigate the effect of offset geometries on the rupture 

speed.  It should be noted that for the 1999 Chi-Chi earthquake, Ji, Helmberger, and 

Wald (2000) found evidence of offset induced slowdown while Wald and Heaton (1994) 

presented similar conclusions in relation to the 1992 Landers earthquake.  It should also 

be mentioned that the experiments involve dimensions of the order of millimeters or cen-

timeters compared to the kilometer length scales of offsets in the field.  Appropriate scal-

ing laws based on dimensional analysis may be able to relate our model laboratory results 

to real earthquake phenomena of the type described above. 
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Figure 5.9: Complex Fault Geometries with steps and offsets (a) Zigzag fault system.  (b) 

Multiple faults system 
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