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FOREWORD

This manuscript encloses all documents required to obtain aHabilitation à
Diriger des Recherches from École Normale Supérieure. I have synthesised
my research work on supershear earthquakes, listed below, that were con-
ducted over the last 13 years in collaboration with students, postdocs and
colleagues at various institutions around the world.
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1
INTRODUCTION

1.1 A Brief History of Earthquake Source Mechanics

One of the perennialmysteries of humankind, earthquakes have always fas-
cinated, shocked and awe-inspired us. The earliest attempt to provide close
to a scientific explanation, as always, dates back to the ancient Greeks. The
most famous of these explanationswas provided byAristotle (384–322 B.C.)
in his revolutionary treatise titled Meteorologica (Aristotle, 350 B.C.E.). In
it he introduced the notion of the four elements (water, fire, air, earth) that
compose all terrestrial elements. Aristotle proposed that the cause of earth-
quakes consisted in the shaking of the earth by dry heated underground
exhalations of winds trapped in cavities of its interior, as they attempt to es-
cape toward the exterior (Udias, 1999; Udías et al., 2014). It is worth noting
that the Aristotelian idea of earth, “The earth is surrounded by water, just
as that is by the sphere of air, and that again by the sphere called that of
fire”, still describes the broad sections of earth and atmospheric sciences. It
is also worth noting that this theory survived for twenty centuries until the
seventeenth century, the era of the birth of modern scientific revolution!

The great Lisbon earthquake of 1755, estimated to have a moment mag-
nitude of 8.5 ± 0.3 (Solares & Arroyo, 2004), occurred on November 1 on
the day of the feast of all saints. It caused the death of tens of thousands of
people and turned Voltaire into a pessimist. He was finally forced to reject
Leibniz’s notion of “the best of all possible worlds” argument. This earth-
quake resulted in Candide and his “Poème sur le désastre de Lisbonne”. It
also launched a vigorous scientific inquiry taking earthquakes from the su-
pernatural to the natural realm. It is now accepted that this earthquake
led to the birth of modern seismology. The pioneering text of Revered John
Michell, ‘Conjectures concerning the cause, and observations upon the phe-
nomena, of earthquakes’, read at the Royal Society in 1760 firmly estab-
lished the notion of an earthquake focus and that waves, traveling at a speed
of about 0.5 km/s, propagated out of this focus all over the world. Using his
version of triangulation he was able to estimate that the earthquake orig-
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1We leave it to the curious reader to see how
goodhis calculationswere and just urge to keep
in mind that time keeping and mapping were
not as accurate at those times

inated in the Atlantic ocean, somewhere between the latitudes compris-
ing Oporto and Lisbon and about fifty to eighty kilometres from the coast
(Michell, 1760).1 It is worth keeping in mind that the mathematical the-
ory of elastic waves came much later through the works of the giants like
Cauchy, Poisson, Stokes among others. Michell made five key contribu-
tions in this work. One, he distinguished between aftershocks and main-
shocks. He also noticed that large mainshocks return after long periods of
time. Two, he noticed that areas near large volcanoes are always subject
to frequent earthquakes. Three, the motion of the earth in earthquakes is
partly tremulous and partly propagated by waves, which succeed one an-
other sometimes at larger, sometimes at smaller, distances; and this lat-
ter motion is generally propagated much farther than the other. Four, the
earthquakes occur at the same geographic location and the velocity of the
wavesmoving out of themnever changed. And finally, that the great Lisbon
earthquake triggered several smaller earthquakes in Switzerland and else-
where. It should be noted that the cause of the earthquake was attributed
to some sort of a natural underground fire originating in a stratum of coal
or shale. Sadly, Michell failed to impress his readers, and “he who suc-
ceeds in doing so”, said Charles Darwin, “deserves in my opinion all the
credit.”(Davison, 1921).

Later, Thomas Young, Robert Mallet and JohnMilne solidified the foun-
dations of modern seismology. Mallet, an Irish civil engineer who studied
the 1857 Naples earthquake, brought earthquake closer to exact science by
noting that an earthquake is “the transit of a wave of elastic compression
in any direction, from vertically upwards to horizontally, in any azimuth,
through the surface and crust of the earth, from any centre of impulse,
or from more than one, and which may be attended with tidal and sound
waves dependent upon the former, and upon circumstances of position as
to sea and land”. He notes that earthquakes are generated “either by the
sudden flexure and constraint of the elastic materials forming a portion of
the earth’s crust, or by the sudden relief of this constraint by withdrawal of
the force, or by their giving way, and becoming fractured ”. Concurrently
with Alexis Perrey, a professor of Mathematics in Dijon, he compiled earth-
quake catalogues alongwith his son and summarised them in amap (Figure
1.1) that clearly delineates seismic and aseismic regions of the world. It is
also to him that we owe the words ‘seismology’ and ‘epicentre’. The time
following this saw great advances happen in instrumental seismology. In
the interest of time the reader is referred to the magnificent chapter of D.
Agnew (Agnew, 2002) and the references therein.

Although the distinction between the origin of earthquakes and the prop-
agating waves was made, and the fault relationship with earthquake was
established, the emergence of the faulting origin hypothesis of earthquakes
would only happen in late 19th century.

During the 19th century systematic field studies after earthquakes were
started and the first attempts to relate them to tectonic processes were also
made by Koto (Neo, Japan, 1891), and Oldham (Assam, India, 1897) among
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Figure 1.1: Map of global earthquakes pub-
lished by Mallet and his son in 1858. Taken
from Lee et al. (2002)others. With the increase in number of field observations and in precision

of localisation of epicentres, the correlation between earthquakes and faults
became clearer. Authors such as Suess, Koto, Montessus de Ballore, and
Sieberg assigned the cause of earthquakes to stresses accumulated in the
Earth’s crust by tectonic processes and their release by its fracture.

Grove Carl Gilbert (1843-1918) was a geologist, working on normal fault
system in the Basin and Range province of west America Segall (2010). He
was the first to recognise that a strain release along fault was the source of
earthquakes. He also understood earthquake phenomenon as a stick slip
phenomena 80 years before the famous paper of Brace & Byerlee (1966),
Gilbert (1884) wrote :

The upthrust produces a local strain in the crust . . . and this strain increases
until it is sufficient to overcome the starting friction on the fractured surface.
Suddenly, and almost instantaneously, there is an amount ofmotion sufficient
to relieve the strain, and this is followed by a long period of quiet, during
which the strain is gradually reimposed. Themotion at the instant of yielding
is so swift and so abruptly terminated as to constitute a shock, and this shock
vibrates through the crust with diminishing force in all directions.

At the same time as Gilbert understood the faulting origin of earthquakes,
at least two authors AlexanderMcKay (1841-1917) and Bunjiro Koto (1856-
1935) made observations of new fresh scarp concomitant with earthquakes.
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This observation made Bunjiro Koto think that earthquake was the result
of dislocation on a fault (Koto, 1893). The controversy at that time was to
know if faults were the origin or a consequence of earthquake. The final
proof came from geodetic observations after the 1906 San Francisco earth-
quake by Harry Fielding Reid (1859-1944). He showed that the rupture was
not only superficial but also happened in depth.This led to the generally ac-
cepted faulting origin of earthquakes. Reid gave the five statements of his
elastic rebound theory in 1911 (Segall, 2010):

1. The fracture of the rock, which causes a tectonic earthquake, is the result
of elastic strains, greater than the strength of the rock can withstand,
produced by the relative displacements of neighbouring portions of the
earth crust.

2. These relative displacements are not produced suddenly at the time of
the fracture, but attain theirmaximumamounts gradually during amore
or less long period of time.

3. The only mass movements that occur at the time of the earthquake are
the sudden elastic rebounds off the sides of the fracture towards position
of no elastic strain; and these movements extend to distances of only a
few miles from the fracture.

4. The earthquake vibrations originate in the surface of fracture; the sur-
face fromwhich they start has at first a very small area, whichmayquickly
become very large, but at a rate not greater than the velocity of compres-
sional elastic waves in the rock.

5. The energy liberated at the time of an earthquake was, immediately be-
fore the rupture, in the form of energy of elastic strain of the rock. (Reid
1911, p. 436)

These statements lay the foundations for the understanding of faulting
origin of earthquake. The next major theoretical advance came with the
application of elastic dislocation theory to the study of earthquakes (Segall,
2010). Dislocation theory dates to the Italian mathematicians Vito Volterra
and Carlo Somigliana in the early part of the twentieth century; however, it
was J. A. Steketee who first suggested that elastic dislocations could be used
to model deformation due to faulting and was the first to use Volterra’s for-
mula for this application. Steketee was also the first to derive the displace-
ments due to a point-source representation of a fault (Steketee, 1958). It
is worth noting that dislocation theory requires the user to prescribe the
amount by which each sides of the fault slid past each other. If known
well then it would let us calculate the resulting deformation of the region
around the fault. How the fault decided on that amount of slip required one
to know ‘how strongly were the two sides being loaded’ and ‘what was the
resistance offered by the two sides’. Luckily, the plate tectonics revolution of
the 1960’s solved the one of the final puzzles on the origin of elastic strains
in the crust, i. e. loading, and associated them to the relative motion of
lithospheric plates (Romanet, 2017). The 1960’s also brought along pioneer-
ing rock mechanicians into the realm of earthquake mechanics via studies
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on rock friction i. e. the resistance offered by sliding surfaces. William
F. Brace at MIT along with James Byerlee of Stanford University realised
that the stick-slip friction events observed in the laboratory could be used
to understand ruptures occurring at much larger scale during destructive
earthquakes (Brace & Byerlee, 1966; Byerlee, 1967). In their famous exper-
iment they showed that creating new fractures was not the only model that
can explain earthquake faulting. They saw-cut a sample rock and loaded it
at both ends with a confining pressure. They observed that the sliding be-
tween the two pieces of rocks was not smooth but rather in boom and bust
motion. This was really the beginning of the well accepted theory of fric-
tionally controlled earthquakes. These early works established frictional
instability as a possible mechanism for repetitive stick-slip failure and the
seismic cycle (Marone, 1998).

One of the final pieces of the puzzle was fit by the arrival of fracture
mechanicians like B. Kostrov, J. Eshelby, J. R. Rice, R. Madariaga, S. Das,
L. Freund, J. Rudnicki among many others, into the subject. By developing
an analogy between earthquakes and cracks, the question of how the fault
decided on the amount of slip was fulfilled.

Starting from the classical theoretical work by Kostrov (Kostrov, 1964;
Kostrov, 1966) and Eshelby (Eshelby, 1969), very soon it became clear that
friction also played a fundamental role in the initiation, development of
rupture and the healing of faults. The classical Amonton-Coulomb model
of a sudden drop in friction from a static to a kinematic coefficient led to an
impasse however. It predicted infinite stress singularities at the crack-tip
and many other physical problems. The reason is that this model lacks an
essential length scale needed to define a finite energy release rate near the
rupture front (Madariaga, 2012).

Through these scientific feats of success, alongwith severalmissteps and
misunderstandings, over several centuries we thus arrive at the following
set of statements that describes the modern view of earthquakes and earth-
quake cycles.

Themotion of tectonic plates is resisted along the faults, by friction, lead-
ing to a buildup of strain energy. The sudden release of this energyman-
ifests itself as an earthquake that ruptures the fault and radiates elas-
tic waves through the entire earth. Once this energy is dissipated, the
buildup of energy continues leading up to the next earthquake.

1.2 Supershear Earthquake Ruptures

With the acceptance of dynamic fracture mechanics as the correct mod-
elling framework for earthquakes, the notion of rupture speed, or fracture
speed or rupture velocity, became firmly associated with each individual
earthquake. In an excellent introduction Prof. S. Das traces the history of
rupture speed estimation for early earthquakes.
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2 In homogeneous elastic solids, 𝑐𝑅 < 𝑐𝑠 < 𝑐𝑝.
Typically, for the upper crust of the earth, 𝑐𝑝 ≈
5𝑘𝑚/𝑠, 𝑐𝑠 ≈ 3.5𝑘𝑚/𝑠 and 𝑐𝑅 ≈ 0.92𝑐𝑠 =
3.2𝑘𝑚/𝑠

But more importantly, seismologists estimated the average rupture
speed for several earthquakes by studying the directivity effects and
spectra of seismic waves. The first was for the 1952 Ms 7.6 Kern
County, California earthquake. Benioff (1955) concluded that “the
progression speed is in theneighbourhood of speed ofRayleighwaves”
using body wave studies.

– Das (2015)

The earliest mathematical solutions for a dynamic shear crack were de-
veloped over a half century ago. An original solution for a steady state semi-
infinite crack, subjected to combinedmode I andmode II loading, was given
by Craggs (1960). This was followed by a self-similar solution for a propa-
gating mode II shear crack given by Kostrov (1964). Each of these solutions
was characterised by a singular crack front, with surrounding elastic fields,
which decayed as the inverse square-root of the radial distance from the
crack front. Craggs (1960) realised that stable crack growth can only result
if energy for the surrounding linear elastic field is drawn into the singu-
lar crack tip. Such a condition can only arise if the rupture propagates at
speeds, 𝑣𝑟, below the Rayleigh wave speed of the surrounding medium i.e,
(𝑣𝑟 < 𝑐𝑅) . Kostrov (1964) recognised that energy will be radiated out from
the crack tip if the rupture speed lies between the Rayleigh and shear wave
speeds of the surrounding linear elastic medium, i.e, (𝑐𝑅 < 𝑣𝑟 < 𝑐𝑠). The
latter scenario is rejected on physical grounds leading to the conclusion that
a mode II shear crack will tend to propagate in the sub-Rayleigh rupture
speed regime (𝑣𝑟 < 𝑐𝑅).

While the rupture speed of most earthquakes is limited by the speed of
the Rayleigh waves, 𝑐𝑅,2 earthquakes can occasionally transition to higher
speeds and exceed the shear wave speed, 𝑐𝑠. Such events are known as Su-
pershear Earthquakes.

Whether supershear ruptures exist in nature has been a matter of de-
bate for a long time. One of the earliest theoretical models was proposed by
Weertman (1969) who treated the crack as smeared-out dislocations along a
surface following a dynamic friction law. He showed that such dislocations
can travel at supersonic velocities (faster than the P-wave speed, 𝑐𝑝). Cru-
cially, he claimed that supershear velocity, 𝑐𝑠 < 𝑣𝑟 < 𝑐𝑝, is forbidden. The
earliest known laboratory evidence dates back to the experiments of Wu
et al. (1972). He had one experiment, with the highest stress drop, where
he concluded that the rupture velocity was about 1.1𝑐𝑠. Unfortunately, in-
terpreting the experiments based on Weertman (1969) work, Wu did not
make a conclusive observation that his experiments indeed demonstrated
the supershear phenomenon.

Burridge (1973) was the first to propose conditions under which a plain-
strain, self-similar mode II crack can bypass the forbidden rupture speed
regime (𝑐𝑅 < 𝑣𝑟 < 𝑐𝑠) and propagate within the supershear rupture speed
regime (𝑐𝑠 ≤ 𝑣𝑟 ≤ 𝑐𝑝), where (𝑐𝑝) represents the dilatational wave speed.
A simple Coulomb friction relation was assumed to model the interfacial
shear strength ahead of the primary (sub-Rayleigh) crack front. The ap-
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3 𝑆 ≡ (𝜏𝑝 −𝜏0)/(𝜏0 −𝜏𝑟)where 𝜏𝑝 is the peak
frictional resistance of the fault, 𝜏𝑟 is the resid-
ual resistance and 𝜏0 is the initial traction on
the fault
4 Dunham (2007) showed that for 3D un-
bounded faults, 𝑆 ≤ 1.19.

proach assured that stresses would remain bounded at the primary crack
front but failed to account for the effects of inelastic (cohesive) energy losses
at the singular crack tip. In spite of this limitation, the analysis identified
the presence of a peak in the shear stress field, which propagates ahead of
the primary crack front at the shear wave speed. This was a key finding,
which revealed a natural mechanism for nucleating a secondary (supers-
hear) rupture ahead of the primary crack front in the event that the mag-
nitude of the peak shear stress exceeded the intrinsic fault strength. The
analysis concluded that the supershear crack speedwould rapidly approach
the dilatational wave speed (𝑐𝑝) of the surrounding medium.

Andrews (1976) produced the very first numerical finite difference calcu-
lations, which successfully simulated a sub-Rayleigh to supershear rupture
transition. The model featured a linear slip weakening failure criterion,
which defined the loss of frictional strength with increased slip over a char-
acteristic length along the fault plane. The implementation of a finite slip
weakening distance eliminated the crack tip singularity and provided an
energy dissipation mechanism, which was lacking in the earlier analysis
by Burridge (1973). Numerical trails revealed the peak shear stress posi-
tioned just ahead of the primary (sub-Rayleigh) crack front, as noted by
Burridge (1973), which nucleated a secondary crack in cases where the the
local fault strengthwas exceeded. The trailing edge of a newly spawned sec-
ondary shear crack was observed to rapidly merge with the primary (trail-
ing) sub-Rayleigh rupture, while the leading edge raced ahead as an su-
pershear crack front. A key outcome of this study was the identification
of a mechanically stable portion of the supershear rupture speed regime√

2𝑐𝑠 < 𝑣𝑟 ≤ 𝑐𝑝, which we henceforth refer to as the supershear rupture
speed domain. It is worth noting here, as it has been long forgotten, that
Das & Aki (1977) also showed that shear ruptures could attain supershear
speeds. Also, crucially, Das introduced the 𝑆-ratio3, a non-dimensional
measure of the strength of a fault, and established the link between 𝑆-ratio
and rupture velocity. For 2D ruptures they showed that for 𝑆 ≤ 1.77 rup-
tures tend to transition to supershear speed.4

Burridge et al. (1979) revisited the problem of admissible rupture speeds
by conducting a rigorous stability analysis of a steady-state shear crack,
which was driven by a point load maintained at a constant distance behind
the crack tip. Energy dissipationwas accounted for in the analysis through a
Dugdale-type cohesive traction relation confined to a small region around
the crack tip. Conclusions regarding the stability of supershear ruptures
were in general agreement with the numerically based findings of Andrews
(1976). Specifically, (1) the supershear velocity regime

√
2𝑐𝑠 ≤ 𝑣𝑟 ≤ 𝑐𝑝 was

identified to be stable with a unique local minima within this velocity do-
main and (2) the supershear velocity regime 𝑐𝑠 ≤ 𝑣𝑟 <

√
2𝑐𝑠 was deemed

as unstable. Conclusions regarding the stability of sub-shear crack propa-
gation were also consistent with the earlier findings by Craggs (1960) and
Kostrov (1964). Most notably, (1) the velocity domain 𝑐𝑅 < 𝑣𝑟 < 𝑐𝑠 was
deemed to be strictly forbidden, since the crack tip would otherwise act as a
source of energy if allowed to propagate at these speeds, and (2) sub-shear
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5 A few still roam conference halls whisper-
ing their skepticisms, with the fervour of a
cult acolyte, supposedly based on gut feelings.
Clearly, their collective guts haven’t been to a
physics class
6 In fact, not unlike Elvis sightings, supershear
earthquakes are now observed everywhere by
some researchers

cracks will be generally confined to the sub-Rayleigh velocity regime, i.e.,
𝑣𝑟 < 𝑐𝑅. A crack confined within this velocity domain will tend to asymp-
totically approach the Rayleigh wave speed.

Closed form analytical solutions for the singular elastic stress and par-
ticle velocity fields radiated by a 2D steady state shear crack were given in
the seminal work by Freund (1979). Sub-Rayleigh and supershear crack
field solutions were given for the shear stress (𝜎12) and fault-parallel ve-
locity component (𝑢̇1). The resulting field expressions are modulated by
a velocity-dependent “dynamic stress intensity factor”, which characterises
the intrinsic strength of the fracture plane.

The stability of sub-shear crack propagation was considered by exam-
ining the relationship between the normalised stress intensity factor and
the crack tip speed. Results were consistent with those of Burridge et al.
(1979), along with a more recent stability analysis by Fossum & Freund
(1975), which considered the energy flux into a dynamic shear crack. The
stability of supershear ruptureswas speculated upon but no similar analysis
was provided.

Even though theoretical models, and and one laboratory experiment,
provided evidence that supershear ruptures are feasible, it was not until
the𝑀𝑤 6.5 Imperial Valley earthquake (California, 1979) that a supershear
rupture was inferred in nature for the first time by Archuleta (1984) and
Spudich & Cranswick (1984). This was not universally accepted and the
scale tipped in the favour of supershear skeptics formore than 25 years (Das,
2015).

Pioneering laboratory experiments by Rosakis et al. (1999) and Xia et
al. (2004) together with observations from the 𝑀𝑤 7.4 1999 Izmit and the
𝑀𝑤 7.2 1999 Düzce earthquakes in Turkey by Bouchon et al. (2001), then
conclusively confirmed that supershear ruptures are in fact much more
common than previously expected. Bouchon conclusively showed that to
best reproduce the observation of a near-fault accelerogram, for the Izmit
earthquake, the rupture had to propagate at supershear speed. The 2002
𝑀𝑤7.9 Denali earthquake was an exceptionally well- characterised event
due to an array of well-positioned, near field ground motion stations lo-
cated along the Alaskan pipeline. In particular, the ground motion records
acquired at Pump Station 10 (PS10), positioned ≈ 3𝑘𝑚 north of the De-
nali strike-sip fault, are arguably the finest near source records of a supers-
hear rupture that have ever been recorded. The pioneering works of Dun-
ham & Archuleta (2004) and Ellsworth et al. (2004a) on PS10 ground mo-
tion records provided multiple, independent evidence that the earthquake
could clearly be classified as supershear. The pioneering experiments of
Passelègue et al. (2013), on a saw-cut granite under crustal stress conditions,
landed the last nail in the coffin of supershear skeptics5.

Supershear ruptures have now been inferred6 for several, albeit rare,
events: the 𝑀𝑤 7.5 2013 Craig (Alaska) earthquake (Yue et al., 2013), the
𝑀𝑤 6.7 2013 Okhotsk (Kamtchatka) earthquake (Zhan et al., 2014), and
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7 At the end of the day, these methods infer
speed by determining the slope of a distance-
time curve. Most of the data is so scattered that
trying to fit them on a straight line is as futile
as herding cats.

most recently the 𝑀𝑤 7.5 2018 Palu (Indonesia) earthquake (Amlani et al.,
2020; Bao et al., 2019; Socquet et al., 2019).

I would like to conclude this chapter with a note of caution. Typically,
earthquake rupture speeds are inferred from recordings done at teleseismic
distances by quantifying the directivity effects of the radiated waves. Nowa-
days, Back-Projection methods are used to quantify the same. The latter
is also inferred using recordings done at teleseismic distances. Neither of
these methods are satisfactory enough to conclusively make an argument
for supershear earthquake.7 At such distances, the best technique to iden-
tify supershear earthquakes was developed by Vallée & Dunham (2012).
They showed that on the Mach cone, band-passed surface wave seismo-
grams from a large supershear rupture will be identical to those frommuch
smaller events with similar focal mechanisms and will have an amplitude
ratio equal to the ratio of the seismicmoments of the two events. If the latter
technique provides an almost conclusive hint of a supershear earthquake
then one should exploit the unique signatures of a supershear earthquake
that can manifest itself in near-source accelerometers, GPS stations, after-
shock distribution and even tsunamis (Amlani et al., 2020; Bhat et al., 2007;
Dunham & Bhat, 2008; Jara et al., 2020; Mello et al., 2014, 2016; Passelègue
et al., 2013).

This thesis is focussed on expounding these unique signatures of a su-
pershear earthquake that are derived from theoretical models, verified in
controlled laboratory experiments and then further validated with observa-
tions made for natural earthquakes.
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2.1 Classification and Stability of Ruptures

Amode II rupture, or a shear rupture, is classified as sub-Rayleigh if it prop-
agates with a rupture speed 𝑣𝑟 < 𝑐𝑅 with the rupture speed tending to ap-
proach the Rayleigh wave speed, 𝑐𝑅, (Broberg, 1999; Burridge et al., 1979;
Rosakis, 2002). Natural earthquakes result from mode II crustal ruptures,
which typically propagate at sub-Rayleigh speeds. In plane strain/stress,
the rupture speed regime 𝑐𝑅 < 𝑣𝑟 < 𝑐𝑠 is strictly forbidden since a rupture
in this speed regime would otherwise become a source rather than a sink
of fracture energy (Broberg, 1989, 1996; Burridge et al., 1979; Freund, 1979;
Kostrov, 1964; Rosakis, 2002).

A mode II rupture is classified as supershear if it propagates with a rup-
ture speed such that 𝑐𝑠 ≤ 𝑣𝑟 ≤ 𝑐𝑝, where 𝑐𝑠, 𝑐𝑝 are the respective shear
and dilatational wave speeds within the local surrounding medium. Rup-
ture speed stability analyses have been performed within the context of
either self-similar crack growth by Broberg (1989), Burridge et al. (1979),
and Obrezanova & Willis (2003), or steady-state, cohesive zone models by
Dunham & Archuleta (2004, 2005), Rosakis (2002), and Samudrala et al.
(2002a,b) under uniform background stress and fault strength conditions.
Once a rupture front has transitioned into the supershear domain it will
tend to favor a stable rupture speed regime 𝑣0 ≤ 𝑣𝑟 < 𝑐𝑝 with 𝑣𝑟 → 𝑐𝑝,
given a sufficient rupture propagation distance in the case of self-similar
growth. The domain 𝑐𝑠 < 𝑣𝑟 < 𝑣0 is regarded as the unstable portion
of the supershear rupture speed regime. The lower bound 𝑣0 is a function
of the fault strength and may also depend upon other system parameters,
such as rate of velocity weakening and background stress. The minimum
value that 𝑣0 can assume is 𝑣0 =

√
2𝑐𝑠, in the case of infinite fault strength,

in which case the maximum extent of the stable rupture speed regime be-
comes

√
2𝑐𝑠 ≤ 𝑣𝑟 ≤ 𝑐𝑝. We exclusively denote the latter speed domain as

the “supershear rupture regime” in order to distinguish it from the general
supershear domain.
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The superposition of shearwavelets emitted by a steady-state, supershear
rupture front leads to the formation of a shearMach cone, which stems from
the advancing rupture tip and envelopes the surrounding medium along
either side of the fault. The resulting Mach cone half-angle, measured with
respect to the fault plane, is given by the familiar relation,

𝜃 = sin−1(𝑐𝑠/𝑣𝑟) (2.1)

Inspection of Eqs.2.1 reveals that the Mach angle domain

sin−1(𝑐𝑠/𝑐𝑝) ≤ 𝜃 ≤ 𝜋/4

corresponds to the maximum stable (supershear) rupture speed regime
√

2𝑐𝑠 ≤ 𝑣𝑟 ≤ 𝑐𝑝

while 𝜋/4 < 𝜃 ≤ 𝜋/2 corresponds to the unstable rupture speed domain
𝑐𝑠 ≤ 𝑣𝑟 <

√
2𝑐𝑠. Special cases of interest that set a lower bound for

𝜃𝑚𝑖𝑛 = sin−1(𝑐𝑠/𝑐𝑝) (as 𝑣𝑟 → 𝑐𝑝) are (1) 𝑐𝑝 =
√

3𝑐𝑠, often a good ap-
proximation for crustal rock, in which case supershear Mach angles are re-
stricted to sin−1(1/

√
3) ≤ 𝜃 ≤ 𝜋/4, and (2) 𝑐𝑝 ≈ 2𝑐𝑠, applicable to H-100

laboratory earthquake test specimens, in which case the supershear Mach
angles are restricted to 𝜋/6 ≤ 𝜃 ≤ 𝜋/4.

2.2 2D Steady State Singular Elastic Model

Overview of the 2D Steady State, Singular Elastic Solution for a Dy-
namic Shear Crack : Sub-Rayleigh Rupture Speed Regime

Freund (1979, 1990) rigorously solved the 2D plane strain problem of a
steady state dynamic (mode II) shear crack in a linear elastic half-space.
The problem was posed under the assumption of plane strain, with the
crack front oriented parallel to the 𝑥3 axis of a Cartesian coordinate frame.
The crack was assumed to propagate strictly along the 𝑥1 direction with
crack-tip coordinates given by (𝑥1 = 𝑙(𝑡), 0), where 𝑙(𝑡) is a continuous
function of time. The instantaneous crack-tip speed is then given by 𝑣𝑟(𝑡) =
̇𝑙(𝑡). A local coordinate system (𝜉1, 𝜉2) was then introduced with the origin
selected to coincide with the crack tip, such that 𝜉1 = 𝑥1 −𝑙(𝑡) and 𝜉2 = 𝑥2.
A local polar coordinate system (𝑟, 𝜃) was also introduced, whereby 𝑟 =
√𝜉2

1 + 𝜉2
2 and 𝜃 = tan−1(𝜉2/𝜉1). The governing wave equations for the

dilatational displacement potential 𝜙 and shear displacement potential 𝜓
become two-dimensional in 𝜉 = 𝑥 − 𝑣𝑟𝑡 and 𝜉2 = 𝑦 under a Galilean coor-
dinate transformation. The derivation leads to a standard Hilbert problem
in analytic function theory which is then solved subject to the prescribed
traction-free boundary conditions on the crack surfaces. This then leads to
the 2D asymptotic stress and particle velocity field solutions for a propa-
gating mode II shear crack. The physical assumptions and derivations in
Freund (1990) are well-posed and accurately presented leading up through
the formulation of the stress field solutions. Unfortunately, the expressions
for the particle velocity components are not accurately expressed in Freund
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(1990), most likely due to typographical errors, which resulted during pub-
lication of the manuscript. The singular elastic (asymptotic) solutions for
the sub-Rayleigh (in-plane) particle velocity field components 𝑢̇1(𝑟, 𝜃) and
𝑢̇2(𝑟, 𝜃) of a mode II shear crack are given by

𝑢̇1 = 𝑣𝑟𝛼𝑠𝐾𝐼𝐼(𝑡)
𝜇𝐷

√
2𝜋𝑟 [2 sin

1
2 𝜃𝑑√𝛾𝑑

− (1 + 𝛼2
𝑠) sin

1
2 𝜃𝑠√𝛾𝑠

] (2.2)

and
𝑢̇2 = − 𝑣𝑟𝐾𝐼𝐼(𝑡)

𝜇𝐷
√

2𝜋𝑟[2𝛼𝑑𝛼𝑠
cos 1

2 𝜃𝑑√𝛾𝑑
− (1 + 𝛼2

𝑠)cos
1
2 𝜃𝑠√𝛾𝑠

] . (2.3)

Here, 𝐾𝐼𝐼(𝑡) is the instantaneous mode II dynamic stress intensity factor,
𝜇 represents the shear modulus and the factors 𝛼𝑠, 𝛼𝑑, 𝛾𝑠, 𝛾𝑑, 𝜃𝑠, and 𝜃𝑑 are
given by

𝜃𝑠 = tan−1(𝛼𝑠 tan 𝜃) ; 𝜃𝑑 = tan−1(𝛼𝑑 tan 𝜃) (2.4)

𝛾𝑠 = √1 − (𝑣𝑟 sin 𝜃/𝑐𝑠)2 ; 𝛾𝑑 = √1 − (𝑣𝑟 sin 𝜃/𝑐𝑝)2 (2.5)

𝛼𝑠 = √1 − (𝑣𝑟/𝑐𝑠)2 ; 𝛼𝑑 = √1 − (𝑣𝑟/𝑐𝑝)2. (2.6)

The factor 𝐷 in the denominator of Eqs. 2.2, 2.3 is the Rayleigh wave func-
tion given by

𝐷 = 4𝛼𝑠𝛼𝑑 − (1 + 𝛼2
𝑠)2. (2.7)

The root of Eqs.2.7 corresponds to the Rayleigh wave speed over a homoge-
neous, linear elastic half-space Graff (1991). Careful examination of Eq. 2.7
reveals that𝐷 → 0 as 𝑣𝑟 → 𝑐𝑅, while𝐷 > 0 corresponds to admissible sub-
Rayleigh rupture speeds 𝑣𝑟 < 𝑐𝑅, and 𝐷 < 0, corresponds to the forbidden
rupture speed domain 𝑐𝑅 < 𝑣𝑟 < 𝑐𝑠. We note as well, how 𝐷 < 0 implies
that the sign of each motion component given by Eqs. 2.2, 2.3 would both
reverse if the forbidden rupture speeds 𝑐𝑅 < 𝑣𝑟 < 𝑐𝑠 were admissible.

Spatio-temporal Properties of a Sub-Rayleigh Shear Crack Velocity
Field: 2D Steady State, Singular Elastic Solution

The 2Dparticle velocity vector field plot, normalized attenuation curve, and
synthetic particle velocity waveforms depicted in Figure 2.1 were all ob-
tained from the the particle velocity field expressions given by Eqs. 2.2,2.3.
The plots were generated using a convenient and arbitrary choice of val-
ues for the material constants corresponding to 𝐾𝐼𝐼/𝜇 = 0.19𝑚𝑚1/2, 𝑐𝑠 =
1.3𝑚𝑚/𝜇𝑠, and 𝑐𝑝/𝑐𝑠 =

√
3.

Figure 2.1(a) represents the particle velocity vector field ⃗𝑢̇(𝜉1, 𝜉2) corre-
sponding to a right-lateral/right-traveling, dynamic shear crack propagat-
ing at 𝑣𝑟 = 0.9𝑐𝑠. The colors displayed by the plot legend correspond to
the magnitude of the particle velocity (| ̇𝑢⃗| = √𝑢̇2

1 + 𝑢̇2
2)while the white ar-

rows of constant length constitute a streak plot, which indicates the sense
of particle motion. The velocity field is characterized by a dominant FN
particle motion component (𝑢̇2), as revealed by the steeply inclined streak
plot vectors within the half-space 𝜉1 > 0.
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Figure 2.1: (a) Sub-Rayleigh velocity field plot
for a dynamic shear crack as predicted by the
steady-state singular elastic solution. (b) Nor-
malized attenuation curve of the FN and FP ve-
locity components. (c) Synthetic FP velocity
waveforms at incremented distances from the
fault. (d) Synthetic FN velocity waveforms at
incremented distances from the fault.

The curve in Figure 2.1(b) depicts how each particle velocity component
is predicted to decay with increased FN distance (𝜉2) from the crack plane.
The plot was generated by computing the ratio

𝛿𝑢̇𝑚𝑎𝑥
2 (𝜉1, 𝜉2)/𝛿𝑢̇𝑚𝑎𝑥

2 (𝜉1, 0+)

where 𝛿𝑢̇𝑚𝑎𝑥
2 (𝜉1, 𝜉2) is the numerically calculated amplitude of the veloc-

ity swing at an off-fault field point (𝜉1, 𝜉2), and 𝛿𝑢̇𝑚𝑎𝑥
2 (𝜉1, 0+) is the corre-

sponding velocity jump at a “near-fault” point (𝜉1, 0+), which was carefully
selected in order to avoid the crack tip singularity. In the current example
𝜉2 → 0+ represents a point lying at 𝜉2 = 0.2𝑚𝑚 within the arbitrarily im-
posed length scale. The horizontal axis is normalized with respect to the
maximum value of the 𝜉2-axis. The normalized attenuation curve demon-
strates how rapidly particle velocity components are expected to decay in
accordance with the 𝑟−1/2 amplitude factor in Eqs. 2.2,2.3.

Figures 2.1(c,d) represent synthetic particle velocity waveforms corre-
sponding to the FP (𝑢̇1) and FN (𝑢̇2)motion components, computed at var-
ious distances from the fault plane. Line plots extracted from the spatial
field description given by Eqs. 2.2,2.3 were reflected with respect to the ver-
tical axis 𝑥1 = 0 of Figure 2.1(a) and replotted with with an equivalent time
axis (𝑡 = 𝜉1/𝑣𝑟) in accordancewith the steady state assumption. The curves
plotted in red highlight the “near-fault” velocity waveforms while the blue
curves correspond to particle velocity waveforms plotted in FN increments
of Δ𝜉2 = 1𝑚𝑚, out to a distance 𝜉2 = 5𝑚𝑚. within the arbitrarily defined
length scale. Two distinct and fundamental spatiotemporal properties of
a steady state (sub-Rayleigh) shear dislocation are revealed: (1) the parti-



THEORY | 25

cle velocity waveforms are characterized by a prominent FN component, as
previously noted, which clearly dominates in magnitude over the FP com-
ponent, and (2) sharp velocity waveforms recorded close to the fault plane
are very quickly stripped of their high frequency content and undergo a
rapid amplitude decay with increased FN distance (𝜉2), as described by the
normalized attenuation plot in Figure 2.1(b).

Overview of the 2D Steady State, Singular Elastic Solution for a Dy-
namic Shear Crack : Supershear Rupture Speed Regime

Freund (1979, 1990) also considered the problem for the stress and particle
velocity fields radiated by a steady-state shear crack propagating in the su-
pershear rupture speed domain (𝑐𝑠 ≤ 𝑣𝑟 ≤ 𝑐𝑝). The problemwas posed un-
der the assumption of plane strain with traction-free boundary conditions
imposed on the crack faces. The crack was assumed to propagate along
the 𝑥1 direction with the crack front oriented parallel to the 𝑥3 axis of a
global Cartesian coordinate frame. A Cartesian coordinate frame (𝜉1, 𝜉2)
was introduced, with its origin at the crack tip, which is equivalently ex-
pressed in polar form (𝑟, 𝜃), whereby 𝑟 = √𝜉2

1 + 𝜉2
2 and 𝜃 = tan−1(𝜉2/𝜉1).

The governing wave equations for the dilatational displacement potential
𝜙 and shear displacement potential 𝜓 are uniquely transformed under the
Galilean coordinate transformation 𝜉 = 𝑥1 − 𝑣𝑟𝑡 and 𝜉 = 𝑥2, subject to the
restriction that 𝑣𝑟 ≥ 𝑐𝑠. The governing PDE for the dilatational displace-
ment potential 𝜙 is transformed into a scaled Laplacian equation while the
shear displacement potential 𝜓 remains governed by a wave equation. The
derivation leads to a standard Hilbert problem in analytic function theory
which is then solved for the in-plane stress and particle velocity fields, sub-
ject to the prescribed traction-free boundary conditions on the crack sur-
faces.

The solution for the particle velocity field components 𝑢̇1 and 𝑢̇2 is con-
veniently expressed as the superposition of the dilatational and shear field
contributions

𝑢̇𝑗 = 𝐴𝑣𝑟(𝑢̇𝑠
𝑗 + 𝑢̇𝑑

𝑗 ) ; 𝑗 = 1, 2 (2.8)

where 𝐴 = 𝐾𝐼𝐼/𝜇 represents an effective dynamic stress intensity factor,
as previously defined, and 𝑣𝑟 is the rupture speed (𝑐𝑠 ≤ 𝑣𝑟 ≤ 𝑐𝑝).

The shear field contributions of Eqs. 2.8 are given by

𝑢̇𝑠
1 = −𝑠𝑔𝑛(𝜉2)

𝛽𝑠(2 − 𝑣2
𝑟

𝑐2𝑠
) sin(𝜋𝑞)

2(−𝜉1 − 𝛽𝑠|𝜉2|)𝑞 𝐻(−𝜉1 − 𝛽𝑠|𝜉2|) (2.9)

and

𝑢̇𝑠
2 =

(2 − 𝑣2
𝑟

𝑐2𝑠
) sin(𝜋𝑞)

2𝛽𝑠(−𝜉1 − 𝛽𝑠|𝜉2|)𝑞 𝐻(−𝜉1 − 𝛽𝑠|𝜉2|) (2.10)

where the variables 𝛽𝑠 and 𝑞 are given by

𝛽𝑠 = √(𝑣𝑟/𝑐𝑠)2 − 1 (2.11)

𝑞 = 1
𝜋 tan−1[ 4𝛼𝑑𝛽𝑠

(2 − 𝑣2𝑟/𝑐2𝑠)2 ] (2.12)
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Figure 2.2: (a) Supershear velocity field plot
for a dynamic shear crack as predicted by the
steady-state singular elastic solution. (b) Nor-
malized attenuation curve of the dilatational
velocity field components. (c) Synthetic FP
velocity waveforms at incremented distances
from the fault. (d) Synthetic FN velocity wave-
forms at incremented distances from the fault.

and 𝑠𝑔𝑛(𝜉2) represents the sign function, which is equal to +1 for 𝜉2 > 0
and −1 for 𝜉2 < 0. Eqs.2.9, 2.10 collectively describe the motion compo-
nents along shear Mach fronts which extend from the rupture tip and en-
velope the radiated shear field.

The dilatational velocity field contributions in Eqs. 2.8 are given by

𝑢̇𝑑
1 = sin(𝑞𝜃𝑑)

𝑟𝑞
𝑑

; 𝑢̇𝑑
2 = −𝛼𝑑

cos(𝑞𝜃𝑑)
𝑟𝑞

𝑑
(2.13)

where the variables 𝑟𝑑 is given by

𝑟𝑑 = √𝜉2
1 + (𝛼𝑑𝜉2)2 (2.14)

with 𝜃𝑑 and 𝛼𝑑 previously given by Eqs. 2.4 and Eqs. 2.6, respectively.

Examination of Eqs. 2.12 reveals that that 0 < 𝑞 < 1/2. A maxi-
mum value 𝑞 = 1/2 is approached as 𝑣𝑟 →

√
2𝑐𝑠 whereas 𝑞 → 0 as

𝑉 → 𝑐𝑠 or 𝑣𝑟 → 𝑐𝑝. The singularity 𝑟−𝑞
𝑑 is thus generally weaker than the

𝑟−1/2 singularity, which implies that the dilatational field will tend to de-
cay more slowly compared to the fields radiated by a sub-Rayleigh rupture
field. Interestingly, the 𝑟−1/2 singularity remerges only in the limiting case
𝑣𝑟 →

√
2𝑐𝑠, corresponding to the lowest bound of the supershear rupture

speed regime.
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Spatiotemporal Properties of a Supershear Crack Velocity Field : 2D
Steady State, Singular Elastic Solution (

√
2𝑐𝑠 ≤ 𝑣𝑟 < 𝑐𝑝)

The particle velocity field, attenuation curve, and synthetic waveforms de-
picted in Figure 2.2 were generated by plotting the singular elastic solutions
for an supershear, mode II shear crack given by Eqs. 2.8. The plots were
generated using a convenient and arbitrary choice of values for the mate-
rial constants corresponding to 𝐴 = 0.45𝑚𝑚1/2, 𝑐𝑠 = 1.3𝑚𝑚/𝜇𝑠, and
𝑐𝑝/𝑐𝑠 =

√
3.

Figure 2.2(a) displays the particle velocity field 𝑢⃗(𝜉1, 𝜉2) of a right-lateral
/ right-traveling dynamic shear crack rupture propagating at 𝑣𝑟 = 1.6𝑐𝑠.
The plot legend colors correspond to the magnitude of the particle veloc-
ity (| ̇𝑢⃗| = √𝑢̇2

1 + 𝑢̇2
2) and the white arrows of constant length constitute a

streak plot, indicating the sense of particlemotion throughout the field. The
concentrated supershear rupture tip is surrounded by an elliptically-shaped
field lobe and flanked by prominent shear Mach fronts, which bounds the
radiated shear field. The velocity vector field plot is characterized by a dom-
inant FP particle velocity component (𝑢̇1) as revealed by the manner in
which the streak plot vectors are predominantly oriented along the hori-
zontal direction in the half-space 𝜉1 > 0.

Figure 2.2(b) depicts the predicted amplitude decay of the radiated di-
latational field components (𝑢̇𝑑

1) and (𝑢̇𝑑
2) as a function of the FN distance

𝜉2. The normalized attenuation curve predicts a very rapid decay of the di-
latational field components in accordance with the 𝑟−𝑞

𝑑 amplitude factor in
Eq. 2.13. The analysis conveniently avoided the singularity at 𝜉 = 0 by
computing the ratio

𝑚𝑎𝑥(𝑢̇𝑑
1(𝜉1, 𝜉2))/𝑚𝑎𝑥(𝑢̇𝑑

1(𝜉1, 0+))
between the magnitude of the velocity swing at the off-fault point (𝜉1, 𝜉2),
and the amplitude of the velocity swing at a “near-fault” point (𝜉1, 0+),
where (𝜉2 = 0+) corresponds to a FN distance 𝜉2 = 0.2𝑚𝑚 within the
arbitrarily imposed length scale.

The dashed horizontal red line in Figure 2.2(b) is included to represent
the fact that the shear field velocity components are not predicted to decay
within the framework of the 2D steady state singular elastic solution.

Figures 2.2(c,d) represent synthetic supershear particle velocity wave-
forms corresponding to the FP (𝑢̇1) and FN (𝑢̇2) motion components. The
curves are velocity field line plots, which have been reflected with respect
to the 𝜉2-axis and replotted with an equivalent time axis (𝑡 = 𝜉1/𝑣𝑟) in ac-
cordance with the steady state assumption. The curves plotted in red high-
light the “near-fault” velocity waveforms while the blue curves correspond
to particle velocity waveforms plotted in FN increments ofΔ𝜉2 = 2𝑚𝑚 out
to a distance 𝜉2 = 8𝑚𝑚, within the arbitrarily defined length scale.

There is considerable structure within the synthetic supershear wave-
forms displayed in Figures 2.2(c,d). The most prominent features are the
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sharp, step-like velocity jumps within each waveform, which are attributed
to the “arrival” of the shear Mach front. The ratio between these noted ve-
locity jumps remains constant at any point along the shear Mach front and
is given by

𝛿𝑢̇𝑠
1

𝛿𝑢̇𝑠
2

= −𝛽𝑠𝑠𝑔𝑛(𝜉2). (2.15)

Eq.2.15 is readily verified by inspecting the ratio between Eqs. 2.9, 2.10. We
note that Eqs.2.15 is applicable to the motion components along the shear
Mach front of a right-lateral / right-traveling supershear rupture. Examina-
tion of the factor 𝛽𝑠 (Eqs. 2.11), reveals that 𝛿𝑢̇𝑠

1/𝑢̇𝑠
2 ≥ 1when

√
2𝑐𝑠 ≤ 𝑣𝑟 ≤

𝑐𝑝. The motion propagated by shear Mach front is thus generally charac-
terized by a pronounced FP velocity jump, which dominates in magnitude
over the corresponding FN velocity jump.

The magnitude of the particle velocity jump at the fault plane results
from the superposition of the dilatational and shear field contributions. The
radiated shear and dilatational fields naturally propagate away at their re-
spective, characteristic elastic wave speeds and proceed to physically sepa-
rate with increased FN distance (𝜉2) as displayed in Figures 2.2(c,d). The
effect is a direct consequence of the fact that space and time are virtually
synonymous in the steady-state solution and that the observed separation
in time is equivalent to the increased spatial separation between the shear
Mach front and the concentrated dilatational field lobe as as displayed by
the velocity vector field plot of Figure 2.2(a).

The off-fault particle velocity waveforms in Figures 2.2(c,d) are distinctly
characterized by a broad pulse-like feature attributed to the concentrated
dilatational field, which is registered in advance of the shear Mach front.
The FP component of the dilatational field disturbance exhibits a positive
velocity swing (𝛿𝑢̇𝑑

1) that dominates in magnitude over the corresponding
(negative) velocity swing (𝛿𝑢̇𝑑

2) exhibited by the FN component. The sign of
each dilatational field component in the waveforms is naturally consistent
with the sense ofmotion depicted by the streak plot vectors in Figure 2.2(a).
The amplitude of the dilatational field contribution tends to rapidly decay
with increased FN distance (𝜉2) in stark comparison to the velocity jumps
propagated by the shear Mach front, which remain unattenuated out to in-
finity. Any subtle differences in the magnitude of the velocity jumps along
the shear Mach front in Figures 2.2(c,d) are a numerical artifact related to
the density of grid points used to generate the field plot. In experimental
section of the present paper we demonstrate how the particle velocity wave-
forms obtained from a variety of LEQ experiments reveal strikingly similar
features and always correlate directly with same predicted sense of motion.

PredictedSenseofParticleMotion forRight-Lateral andLeft-Lateral
Supershear Rupture Velocity Fields

Thediagrams inFigure 2.3 enable quick determination of the expected sense
of particle motion of the dilatational field lobe and shear Mach fronts of a
left-bilateral or right-bilateral supershear rupture propagating in the stable
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Figure 2.3: (a) Sense of particle motion for (sta-
ble) left-lateral supershear rupture rupture (b)
Sense of particle displacement for (stable) left-
lateral supershear rupture rupturerupture speed regime

√
2𝑐𝑠 ≤ 𝑣𝑟 ≤ 𝑐𝑝.

The large circle in each diagram represents a hypothetical Swavelet emit-
ted by the rupture tip at an earlier time. The dashed black lines oriented at
𝜙 = ±45∘ with respect to the fault plane intersect the S-wavefronts at the
nodal points where ̇𝑢⃗𝑠 = 0 and the sense of particle motion reverses. The
shear Mach fronts arise from the constructive superposition of a contin-
uum of S-wave fronts emitted by the propagating rupture at earlier times.
The blue lines stemming from the crack tips and oriented at an angle 𝜃
with respect to the fault depict represent the shear Mach fronts. As pre-
viously noted, sin−1(𝑐𝑠/𝑐𝑝) ≤ 𝜃 ≤ 𝜋/4 in the case of a stable supershear
rupture. A shear Mach front must therefore lie tangent to the expanding
S-wave front at a point located within the angular domain 𝜋/4 ≥ 𝜙 ≤
𝜋/2 − sin−1(𝑐𝑠/𝑐𝑝), as depicted in Figure 2.3. The point of tangency is sim-
ply dictated by the rupture speed 𝑣𝑟 in accordance with Eqs. 2.1. The red
arrows lying tangent to the circular S-wave front indicate the sense of parti-
cle motion at the point of tangency in accordance with the far-field S-wave
radiation pattern produced by a shear dislocation (Aki & Richards, 2002).

The velocity fields predicted by Eqns. 2.9,2.10 describe a right-lateral
right-traveling rupture and thus correspond to the right-half of the diagram
in Figure 2.3(b). The magnitude and sense of particle motion along a shear
Mach front is decomposed into FP and FN particle velocity components (𝑢̇𝑠

1
and 𝑢̇𝑠

2), which are represented by the green arrows in Figure 2.3.

The black circles with tangent vectors, which are centered around the
hypothetical rupture tips in each diagram indicates the sense of particle
motion of the dilatational velocity field (𝑢̇𝑑), which circulates around the
rupture tip in accordance with the kinematic condition ∇𝑢𝑑 = 0. Careful
examination of the sense ofmotion corresponding to the right-lateral/right-
traveling rupture in Figure 2.3(b) shows it to be in full agreement with the
the velocity field plot and synthetic waveforms depicted in Figure 2.2. We
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Figure 2.4: Supershear rupture velocity field at
𝑣𝑟 =

√
2𝑐𝑠.

will appeal to this diagram at a later stage when examining and interpreting
particle velocity waveforms obtained in supershear rupture experiments.

Finally, we note that the signs of the velocity components given by Eqns.
2.9, 2.10 are readily adjusted in order to describe the remaining 3 cases por-
trayed in Figure 2.3, i.e., (1) the right-lateral /left-traveling rupture corre-
sponding to the left-half of the diagram in Figure 2.3(b), (2) the left-lateral
/ right-traveling rupture corresponding to the right-half of the diagram in
in 2.3(b), and (3) the left-lateral /left-traveling rupture corresponding to the
left-half of Figure 2.3(a).

Vanishing of the S-wave field at 𝑣𝑟 =
√

2𝑐𝑠

A curious observation was made by Eshelby (1949) when he was studying
themotion of dislocations. He showed that at a speed exactly equal to

√
2𝑐𝑠

the shear wave contribution (also the Mach front) vanishes.

As the rupture speed 𝑣𝑟 →
√

2𝑐𝑠, theMach angle approaches 𝜃 = 𝜋/4 in
accordance with Eqs. 2.1. The shear Mach front must therefore vanish at
this rupture speed since it is formed along a locus of nodal points positioned
at 𝜙 = 𝜋/4 on the radiated S-waves. This is a fundamental wavefront su-
perposition property, whichmust occur as 𝑣𝑟 →

√
2𝑐𝑠, irrespective of what-

ever dynamic rupture model is invoked. Indeed, the vanishing Mach front
condition naturally emerges from the 2D steady state singular elastic solu-
tions given by Eqs.2.8. Figure 2.4 depicts velocity field, which results in the
limiting case when 𝑣𝑟 =

√
2𝑐𝑠. The dilatational field is now prominently

displayed, with the shear Mach fronts conspicuously absent at this rupture
speed. Note that the amplitude of the dilatational field is now characterized
by a square root singularity (𝑟−1/2

𝑑 ) at this rupture speed since 𝑞 = 1/2 in
accordance with Eqs. 2.12 when 𝑣𝑟 =

√
2𝑐𝑠.

The prediction that S-wave radiation should vanish at 𝑣𝑟 =
√

2𝑐𝑠 is con-
sistent with the observations made by (Broberg, 1989) in his analysis of su-
pershear velocities in the case of a mode II rupture. A continuummechan-
ics based treatment of the significance of the rupture speed 𝑣𝑟 =

√
2𝑐𝑠 in

isotropic, steady-state elastodynamics problems is also found in Liu et al.
(1995) and Gao et al. (1999). In particular, the paper by Liu et al. (1995)
uses continuummechanics to show that a shear Mach front features jumps
in shear stress and particle velocity. These jumps are shown to disappear
when the rupture speed reaches 𝑣𝑟 =

√
2𝑐𝑠. Consistent with the above

discussion, the work of Gao et al. (1999) uses a continuum mechanics ap-
proach to identify radiation-free stress states for various steady-state, linear
elastodynamics problems including dislocations and cracks. Dunham &
Archuleta (2005) conducted numerical simulations using a linear distance
weakening relation in a 2D steady slip pulse model order to examine how
energy is partitioned between radiated S-waves and fracture, and assess how
this relationship is modulated by the ratio between the cohesive zone (𝑅)
and slip pulse length (𝐿). The analysis concluded that ”most of the energy
is radiated, with the exception of a small range of velocities surrounding
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mixed boundary value problem:
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Figure 2.5: Mixed boundary value problem: 2D
steady state sliding pulse subject to a cohesive
zone 𝜏(𝑥1).

√
2𝑐𝑠, since no S waves are excited at this speed.” (Dunham & Archuleta,

2005). In this context , the 2D steady state singular elastic dynamic shear
crack model by Freund (1979) corresponds to the limiting case 𝑅/𝐿 → 0,
whereby no energy is consumed by fracture at any rupture speed other than
at 𝑣𝑟 =

√
2𝑐𝑠, where no S-waves are radiated.

2.3 2D Steady State Cohesive Zone Models

Steady State Cohesive Zone Models

The underlying assumption in the singular elastic crack models is that rup-
ture process is assumed to occur at a mathematically singular crack tip. A
major weakness of this type of model is that it fails to account for a finite
process zone and a cohesive strength which varies along the length of the
rupture zone. Non-singular, slip-weakening models for shear, or Mode II
cracks, incorporate a description of the shear tractionswithin a finite break-
down zone (Barenblatt, 1962; Ida, 1972; Palmer & Rice, 1973). The shear
traction is generally characterized by a peak strength just ahead of the crack
tip, which decreases with increased distance behind the crack tip and then
levels off to a residual shear strength level. The incorporation of a cohesive
zone in thesemodels introduces a characteristic length scale into the analy-
sis, which is distinctly missing in the singular elastic models. The resulting
length scale is proportional to the size of the breakdown zone. Non-singular
models such as these and others, which have followed, generally feature 2D
steady-state solutions that depend on the real and imaginary parts of the fol-
lowing integral (Broberg, 1978, 1989, 1999; Muskhelishvili, 1953)

𝑁(𝑧𝑝/𝑠) = 𝑐1 [Ω(𝑧𝑝/𝑠)]𝑞 ∫
Γ

𝜏(𝑤)
[Ω+(𝑤)]𝑞 (𝑤 − 𝑧𝑝/𝑠)𝑑𝑤 , (2.16)

whereΩ is an analytic function with branch cuts along the crack (or pulse),
Γ, 𝑐1 depends on the rupture speed, and 𝑞 is the rupture speed dependent
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exponent given by Eqs. 2.12. 𝜏(𝑥) is either prescribed a priori (e.g. a slip-
weakening model), or is obtained for slip-velocity-weakening models by
solving a singular integral equation (Samudrala et al., 2002a,b). This in-
tegral is evaluated in the Cauchy Principal Value sense and has analytical
closed-form solutions for certain forms of 𝜏(𝑥) and sub-Rayleigh rupture
velocities. For supershear cases the closed-form solution exists only for con-
stant 𝜏(𝑥), i.e., 𝜏(𝑥) = 𝜏𝑝.

2D steady-state Supershear Slip-Pulse with Prescribed Shear Trac-
tion within a Finite Slip Zone

Bhat et al. (2007) and Dunham & Archuleta (2005) extended an earlier so-
lution given by Broberg (1989), to obtain non-singular analytical solutions
for the stress and particle velocity fields radiated by a 2D steady-state super-
shear slip-pulse with an arbitrarily prescribed shear traction within a finite
slip zone. The mixed boundary value problem (bvp) along with a descrip-
tion of the superposition principles invoked in the solution are summarized
in Figure 2.5. A right-lateral supershear slip pulse is assumed to propagate
in the positive 𝑥′

1 direction, along the fault plane adjoining two identical,
isotropic, and linear elastic half-spaces. A local coordinate system (𝑥1, 𝑥2)
is introduced at the leading edge of the slip pulse, which translates with
the slip pulse at the steady-state rupture speed 𝑣𝑟. The material making up
each elastic half-space is characterized by a shear modulus 𝜇, shear wave
speed 𝑐𝑠, and dilatational wave speed 𝑐𝑝. Far field stresses 𝜎0

11, 𝜎0
22, and

𝜎0
12 = 𝜏0 are exerted on the fault plane as shown. The slip zone, which
spans the region −𝐿 ≥ 𝑥 ≤ 0, is subjected to a prescribed shear traction
𝜏(𝑥1), while regions of the fault plane to the right and left of the slip zone
remain locked. The shear traction relation 𝜏(𝑥1) emulates a breakdown
zone of length 𝑅 over which the sliding resistance degrades smoothly and
monotonically before settling to a residual strength level. The solution to
the mixed bvp problem is approached by invoking linear superposition as
depicted in Figure 2.5. The figure to the left of the equality symbol repre-
sents the full mixed bvp. The first figure to the right of the equality sym-
bol represents the trivial solution corresponding to the constant far field
stresses 𝜎𝐼

𝑖𝑗(𝑥1, 𝑥2) = 𝜎0
11 + 𝜎0

22 + 𝜏0, which are imposed upon the fault
at all times. The second figure to the right of the equality symbol repre-
sents the local stress field problem, which must be solved, subject to the
prescribed traction 𝜏(𝑥1) − 𝜏0 across the slip zone. The complete state of
stress is obtained by superimposing the two solutions.

The solution path adopted invoked the Poisson representation for the
displacement field 𝑢⃗ = 𝑢⃗𝑑 + 𝑢⃗𝑠 where 𝑢⃗𝑑, 𝑢⃗𝑠 represent the dilatational and
shear field contributions, respectively. Displacement field components are
subject to the conditions∇⋅𝑢⃗𝑠 = 0 and∇×𝑢⃗ = 0 and are each governed by
a wave equation and a characteristic elastic wave speed in the time domain.
A Galilean coordinate transformation 𝑥1 = 𝑥′

1 − 𝑣𝑟𝑡 is imposed, which
transforms the wave equations in the time domain to equivalent steady-
state forms in the spatial domain. Restriction of the rupture speeds to the
supershear rupture speed domain (𝑐𝑠 ≤ 𝑣𝑟 ≤ 𝑐𝑝) leads to the following
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partial differential equations, which govern the dilatational and shear dis-
placement fields.

( 𝜕2

𝜕𝑥2
1

+ 𝜕2

𝜕(𝛼2
𝑑𝑥2

2))𝑢𝑑
𝑖 (𝑥1, 𝑥2) = 0 (2.17)

( 𝜕2

𝜕𝑥2
1

− 1
𝛽2𝑠

𝜕2

𝜕𝑥2
2

)𝑢𝑠
𝑖 (𝑥1, 𝑥2) = 0 (2.18)

The dilatational field term is now governed by a scaled Laplacian equa-
tion while the shear field contribution is still governed by a wave equation,
but with the factor 𝛽𝑠 now serving as the characteristic “wave speed”. The
problem is solved by determining the analytic function 𝑁(𝑧), which sat-
isfies Eqs.2.17 subject to the shear and normal stress boundary conditions
summarized in Figure 2.5. The derivation ultimately leads to a standard
Hilbert problem in analytic function theory, which is then solved subject
to the prescribed traction-free boundary conditions on the crack surfaces.
Solutions for the stress and particle velocity fields are obtained in terms of
a single integral expression for 𝜏(𝑥1) over the slip zone, weighted by a sin-
gular kernel. The fault-parallel (𝑢̇1) and fault-normal (𝑢̇2) particle velocity
components for the case of a right-traveling, right-lateral slip pulse are given
by

𝑢̇1 = −𝑣𝑟
𝜇 [ 1

2𝛼𝑑
ℑ𝑁(𝑧𝑑) + 𝛽2

𝑠 − 1
4𝛼𝑑

ℑ𝑁(𝑧𝑠)] (2.19)

𝑢̇2 = −𝑣𝑟
𝜇 [1

2ℜ𝑁(𝑧𝑑) − 𝑠𝑔𝑛(𝑥2)𝛽2
𝑠 − 1

4𝛼𝑑𝛽𝑠
ℑ𝑁(𝑧𝑠)] (2.20)

where the variables 𝑧𝑑, 𝑧𝑠 are given by

𝑧𝑑 = 𝑥1 ± 𝑖𝛼𝑑𝑥2 ; 𝑧𝑠 = 𝑥1 + 𝛽𝑠𝑥2 (2.21)

and

𝑁(𝑧) = −𝑠𝑖𝑛(𝜋𝑞)
𝜋 𝑧1−𝑞(𝑧 + 𝐿)𝑞 ∫

0

−𝐿

𝜏(𝑤) − 𝜏0
(−𝑤)1−𝑞(𝑤 + 𝐿)𝑞(𝑤 − 𝑧)𝑑𝑤 (2.22)

represents a complex integral solution of the Hilbert problem correspond-
ing to a specific case of the general form given by Eqs.2.16. 𝑁(𝑧) is analytic
everywhere except along the branch cut (−𝐿 < 𝑥1 < 0) corresponding
to the slip zone. The analytic function 𝑁(𝑧) provides the connection be-
tween the shear traction 𝜏(𝑥) within the slip zone and the explicit form of
the stress and particle velocity fields radiated by a 2D steady state supers-
hear slip pulse. In the case of a sliding mode II rupture, 𝜏(𝑥) represents
the frictional resistance (cohesion), which stems from a governing friction
law. Numerical solutions for Eqs.2.19 and Eqs.2.20 were obtained by Dun-
ham &Archuleta (2005) using a linear-distance weakening model for 𝜏(𝑥),
originally formulated by Palmer & Rice (1973).

The general expression for 𝑁(𝑧) is given here and briefly interpreted
largely for the sake of completeness. We will soon establish unique kine-
matic and spatiotemporal properties, which arise fromEqs.2.19,2.20, which
do not require an explicit solution for𝑁(𝑧) and are thus independent of the
shear traction within the slip zone and any underlying friction law. The
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Figure 2.6: S-wave radiation field emitted from
the slip zone

anti-symmetric property of of the analytic function 𝑁(𝑧), i.e., ℑ𝑁(𝑧) =
−ℑ𝑁−(𝑧), is exploited in order to glean these fundamental relationships
from the 2D steady state slip pulse solutions.

A careful examination of Eqs. 2.22 at points very close to the fault (let-
ting 𝑧𝐼 → 0) reveals that𝑁(𝑧) is a complex function onlywithin the interval
(−𝐿 < 𝑥1 < 0), corresponding to the slip zone. This implies that S-wave ra-
diation is confinedwithin a region of space bounded by pairs of leading and
trailing characteristics 𝑧𝑠 = 𝑥1±𝛽𝑠𝑥2 = 𝑐, corresponding to the shearMach
fronts, which stem from the points 𝑥1 = 0 and 𝑥1 = −𝐿, as depicted in Fig-
ure 2.6. In the case of a right-lateral/right-traveling slip pulse, the character-
istic defined by 𝑧𝑠 = 𝑥1 +𝛽𝑠𝑥2 = 0 describes the leading, negatively-sloped
shear Mach front within the upper half-space (𝑥2 > 0), while the charac-
teristic 𝑧𝑠 = 𝑥1 − 𝛽𝑠𝑥2 = 0 corresponds to the leading positively-sloped
shear Mach front within the lower half-space (𝑥2 < 0). The “sign function”
𝑠𝑔𝑛(𝑥2) in Eqs.2.20 accommodates for the anti-symmetry of ℑ𝑁(𝑧𝑠) with
respect to the fault plane and extends the solution into the lower half-space
(𝑥2 < 0). The FN velocity component would otherwise abruptly reverse
sign cross the fault, which is prohibited in the case of a mode II rupture.

The dilatational and shear field contributions are each uniquely repre-
sented by separate terms in the solutions given by Eqs.2.19 and Eqs.2.20.
The first term in each equation corresponds to the dilatational field contri-
bution, expressed in terms of the real and imaginary parts of 𝑁(𝑧𝑑) and is
evaluated at points 𝑧𝑑 = 𝑥1 + 𝑖𝛼𝑑𝑥2 in the complex plane, i.e., ℑ𝑁(𝑧𝑑) in
Eqs.2.19 and ℜ𝑁(𝑧𝑑) in Eqs.2.20. The shear field terms are both functions
of ℑ𝑁(𝑧𝑠), and are evaluated exclusively along the family of characteristics
defined by 𝑧𝑠 = 𝑥1 ± 𝛽𝑠𝑥2 = 𝑐, where 𝑐 is a constant.
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Due to the finite crack-tip stresses and finite width of the process zone
(𝑅) (Figure 2.5), the resulting particle velocity waveforms are of finitewidth
and magnitude, unlike the waveforms, which emerge from the singular
elastic solution. Indeed, as previously mentioned, the singular elastic so-
lution given by Freund (1979) emerges as a spacial case of the 2D steady
state slip pulse model in the limit (𝑅/𝐿 → 0). Also, in stark contrast to
the singular models, the crack-tip energy flux is non-zero and finite in the
supershear regime (Broberg, 1989; Rosakis et al., 2007; Samudrala et al.,
2002a,b).

Relationship Between the Slip Function and the Particle Velocity
Field Propagated by the Shear Mach Front

The slip function along the fault (𝑥2 = 0) is defined as

Δ𝑢̇1(𝑥1, 0) = 𝑢̇1(𝑥1, 0+) − 𝑢̇1(𝑥1, 0−) (2.23)

where 𝑢̇1(𝑥1, 0+) and 𝑢̇1(𝑥1, 0− represent the FP velocity components at
two infinitesimally separated points positioned just above and below the
fault. We note that since 𝑧𝑑 = 𝑧𝑠 = 𝑥+

1 as 𝑥2 → 0+, Eqn. 2.19 then assumes
the form

𝑢̇1(𝑥1, 0+) = −𝑣𝑟
𝜇 [ 1

2𝛼𝑑
ℑ𝑁+(𝑥1) + 𝛽2

𝑠 − 1
4𝛼𝑑

ℑ𝑁+(𝑥1)] (2.24)

where

𝑁+(𝑥1) = lim
𝑥2→0+

𝑁(𝑧) = 𝑠𝑖𝑛(𝜋𝑞)
𝜋 𝑒−𝑖𝜋𝑞[(−𝑥1)1−𝑞(𝑥1 + 𝐿)𝑞 ×

∫
0

−𝐿

𝜏(𝑤) − 𝜏0
(−𝑤)1−𝑞(𝑤 + 𝐿)𝑞(𝑤 − 𝑥1)𝑑𝑤 + 𝑖𝜋[𝜏(𝑥1) − 𝜏0]]

(2.25)

is a complex expression containing a real integral, which is evaluatedwithin
the slip zone (−𝐿 < 𝑥1 < 0). We note the presence of the familiar rupture
speed dependent factor 𝑞 given by Eqs.2.12, which continues to govern the
rate atwhich the field strength decayswith increased distance from the fault
plane. Invoking mode II anti-symmetry of the fault-parallel component,
i.e., Δ𝑢̇1(𝑥1, 0) = 2𝑢̇1(𝑥1, 0+), in combination with Eqs.2.24, leads to an
alternate expression for the slip function given by

Δ𝑢̇1(𝑥1, 0) = −2𝑣𝑟
𝜇 (𝛽2

𝑠 + 1
4𝛼𝑑

)ℑ𝑁+(𝑥1) . (2.26)

Similarly, since Δ𝑢̇1(𝑥1, 0) = −2𝑢̇1(𝑥1, 0−) and since

ℑ𝑁+(𝑥1) = −ℑ𝑁−(𝑥1)

(mode II antisymmetry), it follows that

Δ𝑢̇1(𝑥1, 0) = 2𝑣𝑟
𝜇 (𝛽2

𝑠 + 1
4𝛼𝑑

)ℑ𝑁−(𝑥1) . (2.27)

and thus,
Δ𝑢̇1(𝑥1, 0) = ∓ 2𝑣𝑟

𝜇 (𝛽2
𝑠 + 1
4𝛼𝑑

)ℑ𝑁±(𝑥1) (2.28)
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The somewhat ambiguous form given by Eqs. 2.28 can be recast into amore
compact expression by invoking Δ𝑢̇1(𝑥1, 0) = Δ𝑢̇1(𝑧𝑠) and ℑ𝑁+(𝑥1) =
ℑ𝑁(𝑧𝑠), where 𝑧𝑠 = 𝑥1 ± 𝛽𝑠𝑥2 = 𝑐 defines the characteristics (shear Mach
fronts), which extend to infinity within each respective half-space. Wemay
then write

Δ𝑢̇1(𝑧𝑠) = −𝑠𝑔𝑛(𝑥2)2𝑣𝑟
𝜇 (𝛽2

𝑠 + 1
4𝛼𝑑

)ℑ𝑁(𝑧𝑠) (2.29)

where the function 𝑠𝑔𝑛(𝑥2) acts to preserve the sign of Δ𝑢̇1(𝑧𝑠) regardless
of which characteristic is assumed. Substitution of Eqs.2.29 into Eqs.2.19
and Eqs.2.20 leads to alternative forms for the particle velocity field compo-
nents given by

𝑢̇1(𝑧) = −𝑣𝑟
𝜇 [ 1

2𝛼𝑑
ℑ𝑁(𝑧𝑑)] + 𝑠𝑔𝑛(𝑥2) 𝛽2

𝑠 − 1
2(𝛽2𝑠 + 1)Δ𝑢̇𝑥1

(𝑧𝑠) (2.30)

𝑢̇2(𝑧) = [−𝑣𝑟
𝜇

1
2ℜ𝑁(𝑧𝑑) − 1

2𝛽𝑠

𝛽2
𝑠 − 1

𝛽2𝑠 + 1Δ𝑢̇𝑥1
(𝑧𝑠)] (2.31)

Eqs.2.30 and Eqs.2.31 reveal that a shear Mach front carries an unatten-
uated, scaled replica of the slip function deep into the far field Dunham &
Archuleta (2005). This unique feature of supershear S-wave radiation fields
is in stark contrast to the nature of S-wave radiation fields arising from a
sub-Rayleigh ruptures, which are stripped of high-frequency content and
attenuate rapidly with off-fault distance Dunham & Archuleta (2005) and
Mello et al. (2010).

Finally, we may consider the limiting case, where the dilatational field
contribution has decayed away, leaving only the unattenuated FP and FN
shear field velocity components given by

𝑢̇1(𝑧𝑠) ≈ 𝑠𝑔𝑛(𝑥2)1
2

𝛽2
𝑠 − 1

𝛽2𝑠 + 1Δ𝑢̇1(𝑧𝑠) (2.32)

𝑢̇2(𝑧𝑠) ≈ − 1
2𝛽𝑠

𝛽2
𝑠 − 1

𝛽2𝑠 + 1Δ𝑢̇1(𝑧𝑠) . (2.33)

The sign of the FP and FN motion components propagated along the shear
Mach front are thus determined by the corresponding sign of the slip func-
tion Δ𝑢̇1 at the fault plane.

Dividing Eqs.2.32 by Eqs.2.33 recovers the previously noted relationship
given by Eqs.2.15 for the ratio between the FP and FNmotion components.
The relationship is now expressed in terms of the characteristic variable
𝑧𝑠 = 𝑥1 ± 𝛽𝑠𝑥2 and given by

𝛿𝑢̇1(𝑧𝑠)
𝛿𝑢̇2(𝑧𝑠) = −𝑠𝑔𝑛(𝑥2)𝛽𝑠 ; (right-lateral/right-traveling). (2.34)

The forms given byEqs.2.15 andEqs.2.34 apply exclusively to a right-lateral/right-
traveling rupture. The result must be adjusted in order to for the case of a
right-lateral/left-traveling supershear rupture, in which case, the ratio be-
tween the FP and FN motion components propagated by the shear Mach
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fronts is given by

𝛿𝑢̇1(𝑧𝑠)
𝛿𝑢̇2(𝑧𝑠) = 𝑠𝑔𝑛(𝑥2)𝛽𝑠 ; (right-lateral/left-traveling). (2.35)

The forms expressed by Eqs.2.34 and Eqs.2.35 are consistent with the pre-
dicted sense of the motion along the shear Mach fronts of a right-lateral
rupture as displayed in Figure 2.3. Similar modifications are readily imple-
mented for the case of left-lateral ruptures.

PartitioningRelationshipBetween theFrictionalFault SlidingSpeed
and the FP Components of the Dilatational Field and Shear Mach
Front

We now recast the 2D steady-state particle velocity field expressions into al-
ternative forms, which will prove very useful at a later stage in the analysis
and interpretation of the on-fault and off-fault particle velocity waveforms
obtained in LEQ supershear experiments. Recall the expression for the fric-
tional fault sliding speed 𝑢̇1(𝑥1, 0+) = lim𝑥2→0+ 𝑢̇1(𝑧), given by Eqs.2.24.

Experimental estimates of the frictional fault sliding speed are obtained
in laboratory earthquake experiments by focusing a laser vibrometer beam
at nearly grazing incidence, onto a point positioned within 200𝜇𝑚 above
frictional fault plane. Details of the vibrometer probe configuration are de-
scribed in the experimental methods section. Note that obtaining a tempo-
rally resolved “on-fault” record of 𝑢̇1(𝑥1, 0+, 𝑡) is equivalent to measuring
ℑ𝑁+(𝑥1, 𝑡), when interpreted in the context of Eqs.2.24. Substituting for
ℑ𝑁+(𝑥1) in Eqs.2.24, using the slip function relation given by Eqs.2.26, and
invoking anti-symmetric slip function relation 𝑢̇1(𝑥1, 0+) = 1

2 Δ𝑢̇1(𝑥1, 0)
leads to

𝑢̇1(𝑥1, 0+) = ( 2
𝛽2𝑠 + 1)𝑢̇1(𝑥1, 0+) + (𝛽2

𝑠 − 1
𝛽2𝑠 + 1)𝑢̇1(𝑥1, 0+) (2.36)

We note that the first and second terms to the right of the equality symbol
must still represent the dilatational and shear field contributions, respec-
tively. Eqs.2.36 thus reveals how the frictional fault sliding speed 𝑢̇1(𝑥1, 0+),
is partitioned between the dilatational and shear field radiation terms in ac-
cordance with the rupture speed dependent amplitude scaling factors ap-
pearing in parentheses.

Hence we may define,

𝑟𝑑 = 𝑢̇𝑑
1(𝑥1, 0+)

𝑢̇1(𝑥1, 0+)) = 2
𝛽2𝑠 + 1 (2.37)

as the FP amplitude scaling factor that dictates how much of the frictional
fault sliding speed 𝑢̇1(𝑥1, 0+) is converted into the FP component of the
dilatational field and subsequently radiated away.

A second FP amplitude scaling factor given by

𝑟𝑠 = 𝑢̇𝑠
1(𝑥1, 0+))

𝑢̇1(𝑥1, 0+) = 𝛽2
𝑠 − 1

𝛽2𝑠 + 1 (2.38)
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Figure 2.7: Partitioning of the Frictional Fault
Sliding Speed Between the FP Velocity Compo-
nents of the Dilatational Field and Shear Mach
Front

is similarly defined, which governs how what portion of the frictional fault
sliding speed 𝑢̇1(𝑥1, 0+) is converted into the FP component of the shear
field 𝑢̇𝑠

1(𝑧𝑠) and subsequently propagated out into the far field along a shear
Mach front.

Eqs.2.37 and Eqs.2.38 represents a 2D steady-state, non-singular, scaling
relationship between the sliding component induced by the supershear rup-
ture at the fault plane and the FP component propagated by the the shear
Mach front. A similar relation naturally applies on the opposite side of the
fault plane, between the frictional fault sliding speed 𝑢̇𝑑

1(𝑥1, 0−), and the
shear field velocity component 𝑢̇𝑠

1(𝑧𝑠), where 𝑧𝑠 = 𝑥1 − 𝛽𝑠𝑥2 corresponds
to the shear Mach front within the lower half-space 𝑥2 < 0.

Alternative and simplified forms for 𝑟𝑠 and 𝑟𝑑, given by

𝑟𝑑 = 2𝑐2
𝑠

𝑣2𝑟
; 𝑟𝑠 = 1 − 2𝑐2

𝑠
𝑣2𝑟

(2.39)

are obtained by substituting for 𝛽𝑠 through Eqn. 2.11, where 𝑟𝑠 + 𝑟𝑝 = 1 is
naturally observed.

Figure 2.7 depicts the graphical relationship between the amplitude scal-
ing factors 𝑟𝑑, 𝑟𝑠 given by Eqs.2.37 and Eqs.2.38 and the normalized rup-
ture speed 𝑣𝑟/𝑐𝑠. A plot of the rupture speed dependent factor 𝑞, given by
Eqs.2.12 is also included in the figure. The vertical dashed line at 𝑣𝑟/𝑐𝑠 =√

2 denotes the boundary between the unstable and stable rupture speed
domains.

The maximum normalized rupture speed 𝑣𝑟/𝑐𝑠 = 2 in Figure 2.7 cor-
responds to the limit 𝑣𝑟 → 𝑐𝑝, for a material with 𝑐𝑝 = 2𝑐𝑠 such as the
H-100 material used in LEQ experiments. The dilatational partitioning fac-
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tor is bounded between 0.5 ≤ 𝑟𝑑 ≤ 1 within the stable rupture speed
regime, reaching a maximum value 𝑟𝑑 = 1 when 𝑣𝑟/𝑐𝑠 =

√
2 and decreas-

ing with increased rupture speed toward a minimum value of 𝑟𝑑 = 0.5 as
𝑣𝑟 → 𝑐𝑝. The shear field partitioning factot (𝑟𝑠 = 1 − 𝑟𝑑) is bounded be-
tween 0 ≤ 𝑟𝑠 ≤ 0.5 within the stable rupture speed regime, and ranges
from a minimum value 𝑟𝑠 = 0 when 𝑣𝑟/𝑐𝑠 =

√
2 to a maximum value

𝑟𝑠 = 0.5 as 𝑣𝑟 → 𝑐𝑝.

The fact that 𝑟𝑠 → 0 as 𝑣𝑟/𝑐𝑠 →
√

2, further implies that the shearMach
front must vanish altogether at this rupture speed in light of Eqs. 2.34. This
prediction is consistent with the heuristic argument given earlier that the
shear Mach front must vanish as 𝑣𝑟/𝑐𝑠 →

√
2 since it is formed by the

locus of nodal points of the shear wavelets radiated by the rupture front at
earlier times. Amore rigorous treatment of energy partitioning between the
shear and dilatational fields reveals that the energy, whichwould otherwise
be radiated as shear waves is instead consumed by fracture at this rupture
speed (Dunham & Archuleta, 2005).

Indeed there are no S-waves radiated at this rupture speed and so the
heuristic argument based upon the nodal point condition, while true, is a
weaker condition, which is is superseded by energy partitioning between
the shear and dilatational fields. We also note that 𝑞 = 1/2 at 𝑣𝑟/𝑐𝑠 →

√
2

thus revealing that the dilatational field will tend to decay as fast as a sub-
Rayleigh rupture in accordance with Eqs.2.13 at this unique rupture speed.

The portion of the curves corresponding to the unstable rupture speed
regime (𝑐𝑠 ≤ 𝑣𝑟 <

√
2𝑐𝑠) appears somewhat odd and confusing at first

glance, since −1 ≤ 𝑟𝑠 < 0 and 1 < 𝑟𝑑 ≤ 2 within this domain. The sit-
uation is best understood by referring back to Figure 2.3 and noting that
the shear Mach front will be tangent to the S-wavelets along points corre-
sponding to (0 < 𝜙 ≤ 𝜋/4) when 𝑐𝑠 ≤ 𝑣𝑟 <

√
2𝑐𝑠. The FN component is

now directed upward and dominates in magnitude over the FP component,
which is directed opposite to the assumed direction of slip. Thus 𝑢̇𝑠

1(𝑧𝑠) < 0
even though the sliding speed 𝑢̇1(𝑥1, 0+) is positive. The negative range
of values exhibited by 𝑟𝑠 simply reflects the fact that 𝑢̇𝑠

1(𝑧𝑠) < 0 when
𝑐𝑠 ≤ 𝑣𝑟 <

√
2𝑐𝑠. The corresponding positive range of values 1 < 𝑟𝑑 ≤ 2 for

the dilatational field contribution 𝑢̇𝑑
1(𝑧𝑠) offset the negative contribution of

the shear field so as to satisfy 𝑟𝑠 +𝑟𝑑 = 1within the unstable rupture speed
domain.

Finallywenote that there is also noknowncounterpart of Eqs.2.36, which
applies to sub-Rayleigh rupture field components, nor is there an analogous
partitioning relationship, which applies to the FN component (𝑢̇2(𝑥2, 0+)
of a supershear rupture. The presence of ℜ𝑁(𝑧𝑑) in the dilatational field
term and ℑ𝑁(𝑧𝑠) in the shear field term of Eqs.2.20 (and no anti-symmetry
relation for 𝑢̇2) prohibits the types of substitutions and algebraic manipu-
lations that were adopted in the case of the fault-parallel component (𝑢̇1).
that Eqs.2.36 represents a unique scaling relationship, which emerges from
the 2D state slip pulse solution and only strictly applies to the FP velocity
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(and normal stress 𝜎11) component of a supershear rupture field.

Off-fault Stress Field due to a Supershear Slip Pulse

Following the work of Poliakov et al. (2002), Rice et al. (2005) calculated
the stress field near an elastodynamic slip pulse of length 𝐿 propagating in
steady state at the rupture speed 𝑣𝑟 (the speed of the pulse) when 𝑣𝑟 was
in the sub-Rayleigh wave speed regime. They used a non-singular slip-
weakening model in a special simplified form in which stress is assumed
to vary linearly with spatial position. Weakening begins when shear stress
on the fault, 𝜏 , first reaches a finite peak strength 𝜏𝑝 on an unslipped part of
the fault. When slip begins, 𝜏 decreases with slip, approaching 𝜏𝑟 at large
slip; the simplified model assumes linear degradation of strength with dis-
tance over the slip-weakening zone length,𝑅, and then a constant strength
value over the remaining part of the pulse. The decrease of 𝜏 with slip 𝛿 is
then not linear in 𝛿, but is moderately different from linear and, in the sub-
Rayleigh range, it is independent of 𝑣𝑟 for a given 𝑅/𝐿, and is only weakly
dependent on𝑅/𝐿 (Rice et al., 2005). We show later here that a similar fea-
ture holds for the supershear range, but with a small dependence on 𝑣𝑟. The
peak strength 𝜏𝑝 is generally assumed to be proportional to the compressive
normal stress acting on the fault and is set equal to −𝑓𝑠(𝜎𝑦𝑦). We take the
static friction coefficient 𝑓𝑠 = 0.6 based on lab values for typical rocks. The
residual strength 𝜏𝑟 = −𝑓𝑑(𝜎𝑦𝑦) is determined by the dynamic coefficient
of friction, 𝑓𝑑. We choose 𝑓𝑑/𝑓𝑠 = 𝜏𝑟/𝜏𝑝 = 0.2 as in Poliakov et al. (2002)
and Rice et al. (2005) but note that this number cannot be ascertained pre-
cisely. However, some results with appropriately scaled measures of stress
changes (scaled with 𝜏0 − 𝜏𝑟 or 𝜏𝑝 − 𝜏𝑟) do not depend on 𝜏𝑟/𝜏𝑝.

Let the total stress tensor during the propagation of the slip-pulse be
given by 𝜎𝑖𝑗 = 𝜎0

𝑖𝑗 + Δ𝜎𝑖𝑗 where 𝜎0
𝑖𝑗 and Δ𝜎𝑖𝑗 are, respectively, the tensors

of pre-stress and perturbation of stress. The perturbation of the stress field
in a homogeneous, isotropic, elastic medium due to a slip pulse propagat-
ing at supershear speeds (under plane strain conditions in an unbounded
solid) must have a form in terms of a single analytic function𝑁(𝑧) (see eqn.
2.22), such that the stress perturbations are given by

Δ𝜎𝑥𝑥 = 1 + 𝛽2
𝑠 + 2𝛼2

𝑑
2𝛼𝑑

ℑ𝑁(𝑧𝑑) + 𝛽2
𝑠 − 1
2𝛼𝑑

ℑ𝑁(𝑧𝑠)

Δ𝜎𝑥𝑦 = ℜ𝑁(𝑧𝑑) + (𝛽2
𝑠 − 1)2

4𝛼𝑑𝛽𝑠
ℑ𝑁(𝑧𝑠)

Δ𝜎𝑦𝑦 = 𝛽2
𝑠 − 1
2𝛼𝑑

ℑ[𝑁(𝑧𝑑) − 𝑁(𝑧𝑠)]

Δ𝜎𝑧𝑧 = 𝜈(Δ𝜎𝑥𝑥 + Δ𝜎𝑦𝑦) (2.40)

where 𝛽𝑠 = √𝑣2𝑟/𝑐2𝑠 − 1; 𝛼𝑑 = √1 − 𝑣2𝑟/𝑐2
𝑑; 𝑧𝑠 = 𝑥 − 𝑣𝑟𝑡 + ̂𝛼𝑠|𝑦| and 𝑧𝑑 =

𝑥−𝑣𝑟𝑡+𝑖𝛼𝑑𝑦; 𝑖 =
√

−1; we show results here at time 𝑡 = 0. 𝜈 is the Poisson
ratio for the medium and is chosen later to be 0.25, so that 𝑐𝑑 =

√
3𝑐𝑠, in

our numerical evaluations. 𝑐𝑑 and 𝑐𝑠 are the P (dilatational) and S (shear)
wave speeds of the medium respectively. 𝑁(𝑧), with different arguments,
expresses the contributions of the P (dilatational) and the S (shear) waves
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Figure 2.8: Variation of scaled dynamic stress
drop (𝜏0 − 𝜏𝑟)/(𝜏𝑝 − 𝜏𝑟) with rupture speed
𝑣𝑟 and 𝑅/𝐿 where𝑅 and 𝐿 are the size of the
slip weakening zone and the length of the slip
pulse respectively. 𝜏𝑝 and 𝜏𝑟 are the peak and
residual strengths respectively and 𝜏0 is the ini-
tial shear stress.

propagating through the medium; it must be chosen so that the stresses
follow the linear strength degradation boundary conditions. A condition for
such a solution to exist, giving bounded stresses at the leading and trailing
edges of the pulse, is that 𝑁(𝑧) → 0 as |𝑧| → ∞ (Muskhelishvili, 1953).
This results in a constraint equation on the shear pre-stress level which is
consistent with a given 𝑅/𝐿 and 𝑣𝑟. That can be determined as follows.
Define

𝜎𝑑𝑟𝑜𝑝 = 𝜏0 − 𝜏𝑟
𝜏𝑝 − 𝜏𝑟

(2.41)

Then
𝜎𝑑𝑟𝑜𝑝 = 𝐼1

𝐼2
(2.42)

where

𝐼1 = ∫
1

0

(1 − 𝑡)𝑑𝑡
(𝑡)1−𝑞(𝐿/𝑅 − 𝑡)𝑞 ; 𝐼2 = ∫

1

0

𝑑𝑡
(𝑡)1−𝑞(1 − 𝑡)𝑞

in non-dimensionalized form. Note that since 𝑞 = 𝑞(𝑣𝑟) is involved, the
scaled dynamic stress drop, (𝜏0 − 𝜏𝑟)/(𝜏𝑝 − 𝜏𝑟) depends on both 𝑅/𝐿 and
𝑣𝑟/𝑐𝑠 (Figure 2), unlike for its sub-Rayleigh analogue in which case the de-
pendence was only on𝑅/𝐿. Similarly𝑁(𝑧) can be non-dimensionalized as
follows

𝑁( ̂𝑧)
𝜏0 − 𝜏𝑟

= − sin(𝜋𝑞)
𝜋 ̂𝑧1−𝑞 ( ̂𝑧 + 𝐿

𝑅 )
𝑞

×

[𝑅
𝐿 𝐼3 − (𝜏𝑝 − 𝜏𝑟

𝜏0 − 𝜏𝑟
)𝐼4] (2.43)

where

𝐼3 = ∫
1

0

𝑑𝑡
(𝑡)1−𝑞(1 − 𝑡)𝑞(𝑡 + ̂𝑧 𝑅

𝐿 ) ;

𝐼4 = ∫
1

0

(1 − 𝑡)𝑑𝑡
(𝑡)1−𝑞( 𝐿

𝑅 − 𝑡)𝑞(𝑡 + ̂𝑧) and ̂𝑧 = 𝑧
𝑅

Non-dimensional Parameters in the Model

We now have the perturbationΔ𝜎𝑖𝑗 from the pre-stress field, if normalized
by the dynamic stress drop 𝜏0 −𝜏𝑟, or by the strength drop 𝜏𝑝 −𝜏𝑟, expressed
in terms of non-dimensionalized parameters, namely 𝑧/𝑅, 𝑅/𝐿 and 𝑣𝑟/𝑐𝑠.
The in-plane pre-stress is characterized by a non-dimensional parameter,
𝜎0

𝑥𝑥/𝜎0
𝑦𝑦 which is a proxy for the angle of inclination of the maximum in-

plane principal stress (compressive) with the slip-pulse,Ψ, measured clock-
wise from the top of the slip pulse. The in-plane stress components are then
given by

𝜎0
𝑦𝑦

𝜏0 − 𝜏𝑟
= −1/𝑓𝑠

𝜎𝑑𝑟𝑜𝑝(1 − 𝑓𝑑/𝑓𝑠)
𝜏0

𝜏0 − 𝜏𝑟
= 1 + 𝑓𝑑/𝑓𝑠

𝜎𝑑𝑟𝑜𝑝(1 − 𝑓𝑑/𝑓𝑠) (2.44)

To examine out-of-plane failure modes (reverse or normal faults) we must
also assign a value for 𝜎0

𝑧𝑧/𝜎0
𝑦𝑦. We choose various values for 𝜎0

𝑧𝑧 lying
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between, or equal to one of, the maximum (𝜎3) and minimum (𝜎1) in-
plane compressive principal stresses, determined from the initial in-plane
stresses. That is, we consider pre-stress states which are at least as favorable
to strike-slip as to normal or to thrust failure.

Thus the model has six non-dimensional parameters that need to be de-
clared a priori (if the total stress tensor is to be evaluated), namely 𝑣𝑟/𝑐𝑠,
𝑅/𝐿, 𝑓𝑠, 𝑓𝑑/𝑓𝑠, 𝜎0

𝑥𝑥/𝜎0
𝑦𝑦 and 𝜎0

𝑧𝑧/𝜎0
𝑦𝑦. On this list, 𝜎𝑑𝑟𝑜𝑝 can replace 𝑅/𝐿.

Off-fault Stressing due to a Supershear Slip Pulse

Supershear ruptures differ from their sub-Rayleigh analogues in many dif-
ferent ways. The stressing due to the P and the S waves in the medium
is almost decoupled. The S wave field stresses the region only behind the
Mach-front emanating from the rupture front. In case of a slip pulse, as
studied here, two Mach fronts develop at the leading and the trailing edge
of the slip pulse and the band between these fronts defines the Swave stress-
ing region (Figure 1). Within the band, the stress field is non-attenuating
with distance and is constant (neglecting the modest, attenuating, contri-
butions of the P wave field) along lines parallel to the leading Mach front.
The non-attenuation feature in the band is a unique signature of supershear
pulses which could potentially lead to damage at distances far away from
the slip pulse. The three-dimensional nature of the actual problem presum-
ably restricts this distance to be of the order of the depth of the seismogenic
zone (once the rupture saturates in depth the dominant length scale in the
problem is related to this depth and 3D effects can no longer be ignored),
usually around 10-15 km. However this distance is still substantial and of
the order of a few tens of kilometers.

Outside the Mach band, the stressing is only due to the P waves and
attenuates with distance. However, as the rupture speed approaches the
upper limiting speed, i.e., the P wave speed of the surrounding medium,
the Lorentz-like contraction of the stressing region in the fault parallel di-
rection (with a corresponding extension in the fault normal direction) also
increases significantly leading to a greater extent of the P wave stressing re-
gion in the medium hosting the slip pulse. Once again we notice a greater
spatial influence by supershear ruptures compared to sub-Rayleigh rup-
tures. Figure 2.9 showing the perturbation in Δ𝜎𝑥𝑥 illustrates the non-
attenuating and Lorentz-like contraction features of supershear ruptures.

To characterize the off-fault stressing induced by a supershear slip pulse,
we should look at the change of Coulomb stress on fault structures with
assumed orientations, and also on structures which are optimally oriented
for Coulomb failure based on the total stress tensor. Note that in calculating
dynamic Coulomb stress changes on optimally oriented structures and in
the evaluation of off-fault failure, all the six non-dimensional parameters
are to be specified. However, when evaluating the change in the dynamic
Coulomb stress on fault structures with assumed orientations, only three
non-dimensional parameters need to be specified (if stresses are normalized
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Figure 2.9: Perturbation in fault parallel stress,
∆𝜎𝑥𝑥/(𝜏0 −𝜏𝑟) normalized by dynamic stress
drop due to a supershear slip pulse propagat-
ing steadily at various rupture speeds, 𝑣𝑟. All
results are for 𝑅/𝐿 = 0.1 where 𝑅 and 𝐿
are the size of the slip weakening zone and
the length of the slip pulse respectively and
𝜎𝑑𝑟𝑜𝑝 = (𝜏0 − 𝜏𝑟)/(𝜏𝑝 − 𝜏𝑟).

by the dynamic stress drop) a priori, namely, 𝑣𝑟/𝑐𝑠, 𝑅/𝐿 and 𝑓𝑠.

Energy Balance and Estimates

As explained in Dunham & Archuleta (2005), the proper energy balance
for a supershear slip pulse is given by 𝜏0𝛿 = 𝜏𝑟𝛿 + 𝐺𝑓𝑟𝑎𝑐 + 𝐺𝑟𝑎𝑑, where 𝜏0
is the far field shear stress, 𝜏𝑟 is the residual strength of the fault, 𝛿 is the
locked-in slip left in the wake of the slip pulse. Here 𝜏𝑟𝛿 is the dissipation
at the residual strength level, 𝐺𝑓𝑟𝑎𝑐 is the dissipation at stresses excess of
the residual which defines the fracture energy, and 𝐺𝑟𝑎𝑑 is the energy flow
away from the slip pulse associated with the S waves.

The locked-in slip 𝛿 is given by the expression,

𝛿
𝑅 = 1

𝑣𝑟
∫

𝐿/𝑅

0
𝑉 (𝜉)𝑑𝜉 (2.45)

where 𝑉 is the slip velocity distribution which depends on 𝑅/𝐿 and 𝑣𝑟/𝑐𝑠
and is given by 𝑉 (𝜉) = −2𝑣𝑟[(𝛽2

𝑠 + 1)/4𝜇𝛼𝑑]ℑ𝑁(𝜉) when approaching the
fault from 𝑦 > 0 and 𝜉 denotes 𝑥/𝑅. 𝐺𝑓𝑟𝑎𝑐 is given by

𝜇𝐺𝑓𝑟𝑎𝑐
(𝜏𝑝 − 𝜏𝑟)2𝑅 = ∫

1

0
𝑉 ∗(𝜉)(1 − 𝜉)𝑑𝜉 (2.46)

where 𝑉 ∗(𝜉) = 𝜇𝑉 (𝜉)/[(𝜏𝑝 − 𝜏𝑟)𝑣𝑟] = −2{(𝛽2
𝑠 + 1)/[4𝛼𝑑(𝜏𝑝 − 𝜏𝑟)]}ℑ𝑁(𝜉).

𝐺𝑟𝑎𝑑 is then evaluated from the energy balance equation. The energy flux
associated with 𝐺𝑟𝑎𝑑 extends all the way to infinity and vanishes when the
rupture velocity is

√
2𝑐𝑠. We non-dimensionalize energy in our model, fol-

lowing Rice et al. (2005), with seismically observable parameters, as ̂𝐺 =
𝜋𝐿𝐺/𝜇𝛿2 = 𝐹(𝑣𝑟/𝑐𝑠, 𝑅/𝐿) where 𝜇 is the shear modulus of the medium
hosting the slip pulse. The non-dimensional function, 𝐹 cannot be reduced
to a simple analytical expression, as in the sub-Rayleigh case, but has to be
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Figure 2.11: Variation in the scaled size of the
process zone, 𝑅/𝑅∗

0, with rupture velocity, 𝑣𝑟.
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0 is the size of the process zone at static limit
for a semi-infinite shear crack. 𝑐𝑅, 𝑐𝑠 and 𝑐𝑝
are the Rayleigh, S and P wave speeds of the
medium respectively.

numerically determined. Also, unlike the sub-Rayleigh case, the depen-
dence of 𝐹 on rupture speed and 𝑅/𝐿 are no longer separable. Figure 2.10
shows the variation of𝐺𝑓𝑟𝑎𝑐 and𝐺𝑟𝑎𝑑 with rupture velocity for a fixed ratio
of dynamic stress drop to strength drop, (𝜏0 − 𝜏𝑟)/(𝜏𝑝 − 𝜏𝑟) = 0.3. The total
energy,𝐺𝑓𝑟𝑎𝑐 +𝐺𝑟𝑎𝑑, decreases monotonically with increasing fracture en-
ergy. Since this ratio is dependent on both the rupture speed and the size of
the process zone with respect to the length of the slip pulse we have to vary
𝑅/𝐿 with rupture velocity to obtain the energy values at fixed stress drop.
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the total energy as a function of rupture speed,
𝑣𝑟 for (𝜏0 − 𝜏𝑟)/(𝜏𝑝 − 𝜏𝑟) = 0.3.

One can also use the energy balance equation to evaluate how the size of
the slip-weakening zone,𝑅, varies with𝑅/𝐿 and 𝑣𝑟/𝑐𝑠. We scale this value
of𝑅with the size of the process zone at static limit for a semi-infinite crack,
𝑅∗

0 as in Rice et al. [2005] where

𝑅∗
0 = 9𝜋

16(1 − 𝜈)
𝜇𝐺𝑓𝑟𝑎𝑐

(𝜏𝑝 − 𝜏𝑟)2 (2.47)

Here 𝜈 is the Poisson ratio of the medium, set at 0.25 in our model, and
𝐺𝑓𝑟𝑎𝑐 is the fracture energy release rate. Using this with the above equation
we get 𝑅/𝑅∗

0.

Figure 2.11 shows the variation of 𝑅/𝑅∗
0 for the complete range of ad-

missible speeds for a dynamic shear crack. The expression for𝑅/𝑅∗
0 for the

sub-Rayleigh range was obtained from Rice et al. (2005) equation 14. 𝑅/𝑅∗
0

undergoes Lorentz-like contraction in the sub- Rayleigh regime, diminish-
ing to zero at the Rayleighwave speed, 𝑐𝑅. The speed range between 𝑐𝑅 and
𝑐𝑠, the S wave speed, is inadmissible on energetic grounds for a steady shear
crack. Beyond 𝑐𝑠,𝑅/𝑅∗

0 monotonically diminishes to zero again as the rup-
ture speed approaches the Pwave speed. For the supershear speed range in-
ferred from various earthquakes, between 1.5-1.7𝑐𝑠, 𝑅/𝑅∗

0 lies between 0.3
and 0.6. Estimates of 𝑅∗

0 by Rice et al. (2005), for the Heaton (1990) event
set, varies between 1.3-36 m (with an uncertainty of factor of two since this
value depended on 𝑅/𝐿). This was obtained under the assumption of high
peak strength and low residual strength implying (𝜏𝑝 − 𝜏𝑟) ≈ 𝜏𝑝 = 𝑓𝑠𝜎̄𝑛
where 𝑓𝑠 = 0.6 and 𝜎̄𝑛 is the effective normal pressure calculated at me-
dian depth for each of the earthquakes in the set. For low strength drop
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Figure 2.12: Slip weakening law implied by our
analysis compared with the linear slip weaken-
ing law for 𝑅/𝐿 = 0.05 and 1.00.

case, their estimates of 𝑅∗
0 varied between 73m to 3.3 km.

We evaluate the spatial slip distribution, Δ𝑢(𝑥), on the fault by numeri-
cally integrating the expression for slip velocity,𝑉 = 𝜕Δ𝑢/𝜕𝑡 = −𝑣𝑟𝜕Δ𝑢/𝜕𝑥.
This spatial distribution of slip is then used along with the spatially linear
failure criterion used in our model to determine the slip weakening law
implied by our model. Figure 2.12 shows this slip-weakening behavior.
There is little deviation from the linear slip-weakening law, that is often
(but somewhat arbitrarily) assumed in numerical simulations of dynamic
shear ruptures, regardless of the choice of𝑅/𝐿. There is also some sensitiv-
ity to rupture velocity in the slip-weakening curves unlike the sub-Rayleigh
case but that too is modest.

2.4 Far Field Stresses Along Mach Fronts

In their study of an supershear slip pulse, propagating at steady state in a
two dimensional homogeneous isotropic medium under plane strain con-
ditions, Dunham & Archuleta (2005) have shown that the off-fault veloc-
ity fields trace out the exact slip velocity during the passsage of the S-wave
front. This means that a non-attenuating field, caused by the passage of the
S-wave front, is traced out in the medium, through which the slip pulse
passes, and extends, theoreticaly, to infinity. Nevertheless this observa-
tion points out that siginificant effects of the supershear slip pulse can be
observed at large distances away from it unlike its sub-Rayleigh analogue
where both the P wave and the S wave stress fields attenuate as 1/𝑟 with
distance from the source, 𝑟. In the following section we re-express the far
field stress distribution in terms of the slip velocity distribution on the fault.
Let 𝑉 (𝑥) be the slip rate along the rupture and Δ𝑢 the slip, i.e.,

𝑉 (𝑥) = (𝜕𝑢𝑥/𝜕𝑡)+ − (𝜕𝑢𝑥/𝜕𝑡)−

= −𝑣𝑟[(𝜕𝑢𝑥/𝜕𝑥)+ − (𝜕𝑢𝑥/𝜕𝑥)−]
= −2𝑣𝑟(𝜕𝑢𝑥/𝜕𝑥)+ = −2𝑣𝑟𝜖𝑓𝑎𝑢𝑙𝑡

𝑥𝑥

= −2𝑣𝑟[ 1 − 𝜈
2𝜇 𝜎𝑓𝑎𝑢𝑙𝑡

𝑥𝑥 ]

= −[𝑣𝑟(𝛽2
𝑠 + 1)/(2𝜇𝛼𝑑)]ℑ𝑆(𝑧𝑠) (2.48)

using 𝜈 = 0.25 and equation 2.40. 𝑁(𝑧𝑠) is given by equation 2.22, and
𝑧𝑠 = 𝑥 + 𝑖0+, the limit as we approach the fault from 𝑦 > 0, in order to get
the sign of ℑ𝑁(𝑧𝑠) correct. Solving for ℑ𝑁(𝑧𝑠) and using this in equation
2.40 (ignoring the P wave contribution) with 𝑧𝑠 = 𝑥 + 𝛽𝑠|𝑦|, the far field
stress changes are

Δ𝜎𝑓𝑎𝑟
𝑥𝑥 = −𝜇(𝑣2

𝑟 − 2𝑐2
𝑠)𝑉 (𝑧𝑠)𝑠𝑖𝑔𝑛(𝑦)/𝑣3

𝑟

Δ𝜎𝑓𝑎𝑟
𝑦𝑥 = −𝜇(𝑣2

𝑟 − 2𝑐2
𝑠)2𝑉 (𝑧𝑠)/(2𝑣3

𝑟𝑐2
𝑠𝛽𝑠)

Δ𝜎𝑓𝑎𝑟
𝑦𝑦 = −Δ𝜎𝑥𝑥

Δ𝜎𝑓𝑎𝑟
𝑧𝑧 = 0 (2.49)

Because𝑉 (𝑥) is always positive in our cases,Δ𝜎𝑓𝑎𝑟
𝑥𝑥 andΔ𝜎𝑓𝑎𝑟

𝑦𝑦 change signs
as 𝑣𝑟 increases past

√
2𝑐𝑠, but Δ𝜎𝑓𝑎𝑟

𝑦𝑥 is negative for all 𝑣𝑟, except for
√

2𝑐𝑠
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Figure 2.13: Stresses acting on an element
aligned with the Mach-fronts and in the carte-
sian system. ∆𝜏 is the shear stress acting on
the element in that orientation and ∆𝜎 is the
normal stress (= 0). 𝛽 is the inclination of
the Mach-front with respect to the slip pulse.
∆𝜎𝑓𝑎𝑟

𝑥𝑦 and ∆𝜎𝑓𝑎𝑟
𝑦𝑦 are the shear and normal

stress in the far-field measured with respect
to the x-y co-ordinates. For the Mohr’s circle
we use tensile positive convention. Note that
∆𝜏 > 0 when 𝑣𝑟 <

√
2𝑐𝑠 and changes sign at

higher speeds crossing zero at 𝑣𝑟 =
√

2𝑐𝑠.

at which all the Δ𝜎𝑓𝑎𝑟
𝑘𝑙 vanish. The expressions predict that when 𝑣𝑟 >√

2𝑐𝑠, the sign of the far-field Δ𝜎𝑓𝑎𝑟
𝑥𝑥 is the same as that along the rupture

surface on the corresponding side of the fault, but that the sign is reversed
when 𝑣𝑟 <

√
2𝑐𝑠. It can also be quite easily shown that the far-field stress

perturbation, Δ𝜎𝑓𝑎𝑟
𝑥𝑥 = 0.75(1 − 2 sin2 𝛽)Δ𝜎𝑜𝑛−𝑓𝑎𝑢𝑙𝑡

𝑥𝑥 where 𝛽 is the Mach
angle, sin𝛽 = 𝑐𝑠/𝑣𝑟. Thus at velocities close to

√
2𝑐𝑠 the far-field stress

perturbation is still a significant percentage of the same on the fault.

We note that an alternative way to derive the ratio of far-field shear to
normal stresses is to employ Mohr’s circle concepts. We know that for an
element of material, in the medium in which a steady state supershear rup-
ture is propagating, one of whose faces is aligned with the Mach front (in
𝑦 > 0 say), the stress component that jumps in value as the Mach front is
crossed is the shear stress acting on it. The shear and normal stresses in
the cartesian coordinate system for this element is then obtained by rotat-
ing it about the center by an angle 𝛽. This translates to a rotation in the
Mohr’s circle plane by an angle of 2𝛽. Thus, if Δ𝜏 is the shear stress acting
on the element aligned with the Mach front then Δ𝜎𝑓𝑎𝑟

𝑦𝑦 = Δ𝜏 sin(2𝛽) and
Δ𝜎𝑓𝑎𝑟

𝑦𝑥 = −Δ𝜏 cos(2𝛽). Thus Δ𝜎𝑓𝑎𝑟
𝑦𝑥 /Δ𝜎𝑓𝑎𝑟

𝑦𝑦 = − cot(2𝛽) [Figure 2.13].
Using the results above we can nowmake some estimates on far field stress
perturbations left in the wake of an supershear slip pulse. Some assump-
tions need to be made before making estimates of the far field stress values.
Firstly, we shall use the maximum slip velocities obtained from our model
for small (𝑅/𝐿 = 0.05) and large (𝑅/𝐿 = 1.0) values of the process zone
(𝑅) with respect to the length of the slip pulse (𝐿). Slip velocity, 𝑉 , in our
model is non-dimensionalized as 𝜇𝑉 /[(𝜎0

𝑦𝑥 − 𝜏𝑟)𝑐𝑠], where 𝜇 is the shear
modulus of the medium, (𝜎0

𝑦𝑥 − 𝜏𝑟) is the dynamic stress drop and 𝑐𝑠 is the
shear wave speed of the medium. We assume that 𝜇 = 30GPa, (𝜎0

𝑦𝑥 − 𝜏𝑟) =
3MPa and 𝑐𝑠 = 3km/s. This gives us maximum slip velocity values varying
from 0.5m/s to 10.5m/s and increasing with increasing rupture velocity.

Using the above values of slip velocity one can nowmake reasonable es-
timates of far field stresses. This provides some interesting results. Firstly,
the perturbation in the shear stress field Δ𝜎𝑓𝑎𝑟

𝑥𝑦 is always negative in the
far field as expected earlier. Δ𝜎𝑓𝑎𝑟

𝑥𝑥 changes sign from being extensional
(Δ𝜎𝑓𝑎𝑟

𝑥𝑥 > 0) to compressional as one crosses the
√

2𝑐𝑠 rupture velocity
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value. The magnitude of the stress perturbation is also quite high, vary-
ing between -17MPa and 8MPa (using the maximum value of slip velocity).
Also, the changes in the far field stresses seem to be very sensitive to the
rupture velocity. For example, Δ𝜎𝑓𝑎𝑟

𝑥𝑥 increases from 1MPa to 3MPa as the
rupture velocity changes from 1.45𝑐𝑠 to 1.5𝑐𝑠. Ofcourse, the slip velocity
also changes here as the rupture velocity changes. Hence it is useful to
know the change in the stress field for fixed value of peak slip velocity and
slightly different values of rupture velocity. Taking 𝑉 = 5m/s as represen-
tative of the faster slip velocities we get the rough estimates for 𝑣𝑟 = 1.51𝑐𝑠
to 1.61𝑐𝑠 (on the compressional side of the fault),

Δ𝜎𝑓𝑎𝑟
𝑥𝑥 = −(4.0 to 7.0 MPa )𝑠𝑖𝑔𝑛(𝑦)

Δ𝜎𝑓𝑎𝑟
𝑦𝑥 = −(0.4 to 1.5 MPa )

Δ𝜎𝑓𝑎𝑟
𝑦𝑦 = +(4.0 to 7.0 MPa )𝑠𝑖𝑔𝑛(𝑦) (2.50)

Those are large normal stress changes, 40 bars at 1.51𝑐𝑠, 70 bars at 1.61𝑐𝑠,
especially given that they do not attenuate with distance until 3D effects
enter themodel. For 𝑣𝑟 = 1.21 to 1.31𝑐𝑠, the normal stress changes have the
same magnitude range but reverse sign from those above. The estimtes are
peak stress values; average stress changes, if 𝑉𝑎𝑣𝑒𝑟𝑎𝑔𝑒 is about 1m/s, would
be a fifth as large, but still significant at about 10 bars.

2.5 2D Spontaneous Rupture Models

Space and time are essentially equivalent in 2D steady-state rupture mod-
els. Such models implicitly assume that the rupture has existed for all time
and thus cannot account for the rupture history and dynamic mechanisms
that lead to the emergence of the supershear rupture in the first place. Vari-
ous supershear rupture transitionmechanismshave beenproposed through
self-similar analyticalmodels and numerical simulations. Suchmodels typ-
ically rely upon an initial sub-Rayleigh rupture, which spontaneously nu-
cleates and spawns an supershear “daughter-crack” as a consequence of a
critical dynamic stress condition, which is reached. In the original Burridge-
Andrews model (Andrews, 1976; Burridge, 1973; Burridge et al., 1979), a
peak in the S-wave field positioned just ahead of the sub-Rayleigh rupture
front steadily increases in magnitude until it overcomes the frictional fault
strength. Once this occurs a so-called “daughter crack” is formed, which
is momentarily dissociated from the original ruptured portion of the fault.
The leading front of the daughter crack begins as a unstable supershear rup-
ture, which then rapidly accelerates and transitions into a stable supershear
rupture.

Alternative and equally plausible models for the nucleation of supers-
hear ruptures consider the dynamic interaction of the sub-Rayleigh rup-
ture with an inclusion or a local patch of higher strength along the fric-
tional fault. The presence of these features can also directly lead to dynamic
stress concentrations and localized instabilities, which can give rise to a su-
pershear rupture (Dunham & Archuleta, 2004; Dunham et al., 2003; Liu &
Lapusta, 2008). Both of the aforementioned supershear rupture transition
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  Figure 2.14: Contour and velocity vector field plots corresponding to right-lateral/left traveling and right-right-traveling supershear ruptures.
Field plots were generated by the finite element code ABAQUS, using a slip-weakening friction law in a numerical simulation of the Burridge-
Andrews mechanism. Contour plot colors scale with the magnitude of the velocity field, while the streak plot vectors reveal the sense of particle
motion throughout the field.

mechanisms have been experimentally investigated and observed in LEQ
experiments (Mello et al., 2014). The graphical illustration in Figure 2.14
depicts the velocity fields and sense of particle motion in the immediate
region surrounding a pair of left- and right-traveling (right-lateral) supers-
hear ruptures. The field plots were generated by assuming a slip-weakening
friction law in a numerical simulation of the Burridge-Andrewsmechanism
(Andrews, 1976). The analysis was conducted using the commercial Finite
Element code, ABAQUS. The left panel in Figure 2.14 corresponds to the
velocity field of a right-lateral/left-traveling supershear rupture while the
panel on the right represents a right-lateral/right-traveling supershear rup-
ture velocity field. The colors of the contour plot scale with the magnitude
of the velocity field, while the streak plot vectors reveal the sense of particle
motion throughout the field, which is perfectly consistent with the sense of
motion depicted in Figure 2.3(b).

The velocity vector field plots in Figure 2.14 depict a leading and concen-
trated supershear slip zone corresponding to the deepest shade of red at the
vertex formed by the prominent shear Mach fronts which extend back and
bound the shear radiationfield emitted by each rupture. Pronounced dilata-
tional field lobes envelope and circulate each supershear rupture zone and
extend out beyond the shear Mach fronts. The FP component is clearly the
dominant velocity field component, as expected, in the immediate vicinity
of the supershear slip zone and along the shear Mach fronts. The influence
of the dilatational field lobe on themagnitude of the velocity field along the
shearMach fronts decays with increased FN distance until a constant value
is approached in the far-field, as represented by the light green shade.

Another notable feature appearing in the left and right panels of Figure
2.14, which is otherwise unaccounted for in 2D steady-state analytical rep-
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Figure 2.15: Sense of particle motion for a
spontaneous right-lateral left-traveling (a) and
right-traveling (b) sub-Rayleigh rupture. The
contour plot shows themagnitude of the veloc-
ity field while the streak plot vectors reveal the
sense of motion.

resentations, are the concentrated secondary rupture zones, corresponding
to the deepest shades of red, which trail in the wake of each supershear rup-
ture. The sense of particlemotion and the obvious dominance of theFNmo-
tion component within each secondary rupture zone is perfectly consistent
with the kinematic signatures of left- and right-traveling (right-lateral) sub-
Rayleigh ruptures. We thus recognize andhenceforth denote this secondary
disturbance as a trailing sub-Rayleigh rupture, corresponding to what re-
mains of the original spontaneous sub-Rayleigh rupture, which spawned
the supershear rupture. Close scrutiny of the entire class of self-similar ana-
lytical solutions for supershear ruptures (Broberg, 1994; Burridge, 1973) re-
veals that the secondary rupture travels behind the main crack tip at speeds
approaching the Rayleighwave speed. Furthermore, depending on the gov-
erning friction law, both themain rupture and the trailing Rayleigh rupture
can be pulses in the strictest sense of the word (i.e., the fault is locked from
slipping in their wake) or they could both be crack-like ruptures or be a
combination of crack-like and pulse-like rupture.

Secondary trailing sub-Rayleigh ruptures are commonly observed inLEQ
experiments and always seen trailing in the wake of the supershear rup-
tures. There has also been at least one confirmed recording of a trailing
sub-Rayleigh rupture pulse during a supershear earthquake as revealed by
the celebrated

“PumpStation 10” groundmotion records obtainedduring the 2002𝑀𝑤7.9
Denail fault earthquake rupture (Dunham & Archuleta, 2004; Mello et al.,
2014). Wewill appeal to the supershear velocity vector field plots in Figures
2.14 when analyzing and interpreting particle velocity records obtained in
supershear LEQ experiments.

Figure 2.15 depicts a pair of right-lateral sub-Rayleigh rupture velocity
field plots that were generated through a similar set of finite element sim-
ulations. In this case the normal stress was reduced so as to prevent a sub-
Rayleigh to supershear transition from occurring in the numerical simula-
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tion. 2.15(a)depicts the velocity field corresponding to a right-lateral/left-
traveling sub-Rayleigh rupture and 2.15(b) represents the velocity field cor-
responding to a right-lateral/right-traveling sub-Rayleigh rupture. The di-
rection of particle motion revealed by the streak plot vectors exposes the
dominant FN motion component exhibited by the sub-Rayleigh rupture
fields. The particle motion is consistent with the predicted sense of motion
of a right-lateral sub-Rayleigh rupture as previously discussed. Indeed, the
right-traveling sub-Rayleigh rupture in Figure 2.15(b) is also in agreement
with the general sense of particle motion exhibited by the sub-Rayleigh
shear crack field plot in Figure 2.1(a).

We note as well how the direction of the velocity vector field within the
primary rupture zone of the right-traveling rupture is directed upwards as
it crosses the fault plane. The FN component cannot change sign across
the fault plane since no crack opening is allowed in the case of a mode II
rupture. The particle velocity vector field then proceeds to circulate clock-
wise just out ahead of the main rupture as shown. The opposite sense of
motion is observed for the left-traveling sub-Rayleigh rupture depicted in
Figure 2.15(a). The direction of the velocity vector field within the primary
rupture zone is now directed downwards as it crosses the fault plane and
and then proceeds to circulate clockwise just out ahead of the of the main
rupture. We will appeal to the the sub-Rayleigh velocity vector field plots
in Figure 2.15 when analyzing and interpreting particle velocity records ob-
tained in sub-Rayleigh LEQ experiments.

2.6 3D Steady State Cohesive Zone Model

The velocity at which a rupture propagates influences the amplitude and
character of the radiated ground motion and stresses. A distinct manifes-
tation of this occurs when ruptures exceed the S-wave speed and gener-
ate shear Mach waves that efficiently transmit ground motion and stresses
away from the fault. Supershear speeds are also super-Rayleigh ones, and
in an elastic half-space we also expect Rayleigh Mach waves. Slip alters the
component of normal stress parallel to the rupture front; for vertical strike-
slip faults, negation of these stresses on the free surface generates Rayleigh
waves. The RayleighMach front originates near the intersection of the rup-
ture front with the free surface, and as onemoves away from the fault along
the free surface, the Rayleigh Mach front lags behind the shear Mach front.
The objective of the current work is to quantify how the amplitude of radi-
ated ground motion, specifically that of the Mach waves, diminishes with
distance from the fault. We further compare fields from supershear rup-
tures to those of sub-Rayleigh ruptures with the aim of contrasting the rate
at which amplitudes decay with distance from the fault for both classes of
ruptures.

We build on a number of previous studies that have examined the in-
fluence of rupture speed on near-source ground motion. Ben-Menahem &
Singh (1987) studied the acceleration field generated by a point velocity dis-
location (a singularity moving along a line and leaving in its wake a fixed
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moment per unit length) that travels a finite distance at a supershear speed
before stopping. In addition to starting and stopping phases, shear Mach
waves were implicated as carriers of large-amplitude accelerations. Their
results further demonstrate how Mach waves pass only through a partic-
ular region surrounding the fault. By only considering propagation of a
point source along a line, their analysis applies only to observation points
sufficiently removed from the fault (i.e., at distances much greater than the
fault width). A number of other researchers have focused on the wavefield
in the immediate vicinity of the fault (extending out to distances compara-
ble to the fault width, but not much beyond that). By examining a sequence
of kinematicmodels with various rupture speeds, Aagaard &Heaton (2004)
demonstrated how the well-known velocity waveform of sub-Rayleigh rup-
tures (the two-sided fault-normal “directivity pulse” that has been of pri-
mary concern in seismic hazard (Somerville et al., 1997)) vanishes when
ruptures exceed the S-wave speed. Instead, the largest amplitudes now oc-
cur at the Mach fronts. Bernard & Baumont (2005) combined kinematic
models of supershear ruptures togetherwith an asymptotic isochrone based
analysis of fields near the Mach fronts to explore features of Mach waves
from supershear ruptures. Their asymptotic analysis, which did not include
any corrections for a finite fault width, showed that for straight rupture
fronts, field amplitudes at the Mach fronts remain undiminished with dis-
tance from the fault; rupture-front curvature leads to an inverse square-root
decay of amplitudes with distance due to a loss of coherence at the Mach
front.

The starting point for our analysis is the two-dimensional (2D) steady-
state slip-pulsemodel developed byRice et al. (2005) to examine stress fields
near the rupture front of sub-Rayleigh ruptures. This model was extended
to supershear speeds by Dunham&Archuleta (2005) and Bhat et al. (2007).
Dunham&Archuleta (2005) focused on groundmotion (specifically, veloc-
ity records) from slip pulses in the context of models of the Denali fault
event (Dunham & Archuleta, 2004; Ellsworth et al., 2004a). Bhat et al.
(2007) studied the off-fault damage pattern due to supershear ruptures and
hypothesized that anomalous ground cracking observed at a few tens of
kilometers from the fault during the 2001 Kokoxili (Kunlun) event resulted
from the high stresses at the Mach front emanating from a supershear rup-
ture. This observation raises the possibility that radiated stresses from a
large supershear event might trigger slip on adjacent faults of the proper
orientation. One objective of the current work is to quantify how the ampli-
tude of Coulomb stresses on pre-existing structures is influenced by rupture
speed and the finite fault width.

The most distinctive features of the 2D supershear slip-pulse models are
the shear Mach waves. The combined assumptions of two dimensions (i.e.,
an infinite extent of the slipping region parallel to the rupture front), steady-
state propagation, and ahomogeneous linear elasticmediumcause theMach
waves to extend infinitely far from the fault and for the amplitude of fields
at the Mach fronts to remain undiminished with distance from the fault.
This study addresses the first of these assumptions by considering ruptures
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Figure 2.16: (a) Rupture on a fault of width 𝑊
and half-length 𝐿 that expands bilaterally at
speed 𝑣𝑟. (b) Mach wedge from a supershear
rupture in 2D, which approximates S-wave ra-
diation from slip on a finite-width fault at lo-
cations close to the fault (𝑧 ≪ 𝑊 ) and away
from the fault edges. (c) Mach cone emitted by
supershear point source moving along a line,
which approximates radiation from slip on a
finite-width fault when viewed from afar (𝑧 ≫
𝑊 ).

in three dimensions (3D), specifically right-lateral strike-slip ruptures on a
finite-width vertical fault breaking the surface of an elastic half-space. The
focus is on the wavefield after the rupture has propagated many times fur-
ther than the fault width. In addition to the shear Mach waves found in 2D
models, we also expect Rayleigh Mach waves emanating from the rupture
front out along the free surface. The 2D plane-strain models feature large
changes in the normal stress parallel to the rupture front. These changes ap-
pear only in the vicinity of the fault and not further away at the shear Mach
front since fields there are nondilatational. When considering ruptures on
vertical faults in a half-space, the component of normal stress parallel to the
rupture front is also normal to the free surface, andmust be negated there to
satisfy the traction-free boundary condition. This can be accomplished by
the superposition of normal loads on the free surface that negate the mov-
ing vertical-normal-stress pattern. These moving loads, which propagate at
a super-Rayleigh speed, will then excite Rayleigh Mach waves (Georgiadis
& Lykotrafitis, 2001; Lansing, 1966).

To understand the effect of bounding the vertical extent of the slipping
region, consider two limiting cases of rupture on a vertical surface-breaking
fault of width 𝑊 and half-length 𝐿 (Figure 2.6a). At locations close to the
fault and away from both its edges and the free surface (specifically, at lo-
cations much closer that 𝑊 ), the fault width is unimportant and 2D plane-
strain models provide an accurate description of the fields, at least if the
length of the slip-weakening zone, 𝑅, is much less than 𝑊 . In this ex-
tremely near-source region, the shear Mach front assumes the form of a
wedge (Figure 2.6b) andMach-wave amplitudes will not diminish with dis-
tance from the fault. Of course, this region is further complicated by the
presence of dilatational fields of comparable amplitude. At the opposite ex-
treme, consider points far removed from the fault (specifically, at distances
greatly exceeding𝑊 ). From these distant points, the fault appears as a line
source, and S-wave radiation now forms a Mach cone (Figure 2.6c). Since
the cross-section of the cone is a circle, geometrical spreading dictates that
Mach-wave amplitudes will decrease with the inverse square-root of radial
distance from the fault. (And it is not clear if the amplitude of Rayleigh
Mach waves would attenuate at all, at least in the ideally elastic material
considered.) It is of critical importance to hazard calculations to under-
stand exactly how the transition between these two extremes occurs, and
to explore how Rayleigh Mach waves influence the wavefield. Specifically,
to what distances are large ground motion and stresses transported for re-
alistic fault geometries? Bhat et al. (2007) hypothesized that the transition
between the two limits occurs at distances comparable to𝑊 , and our results
confirm this hypothesis, although the RayleighMach waves also contribute
to the fields.

Model Geometry

Wemodel ruptures on a vertical right-lateral strike-slip fault that intersects
the free surface
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Figure 2.17: Fracture criterion used to force
a rupture at speed 𝑣𝑟 with stress drop ∆𝜎.
Fault strength, 𝜏𝑠𝑡𝑟, increases linearly from
|𝑥| = 𝑣𝑟𝑡 (grey line). When shear stress on the
fault (black line and points from our numerical
model at 𝑣𝑟 = 0.8𝑐𝑠) reaches the strength, slip
commences.

(Figure 2.6a). We study three representative rupture speeds, 𝑣𝑟: 0.8𝑐𝑠,
1.3𝑐𝑠, and 1.6𝑐𝑠, where 𝑐𝑠 is the S-wave speed. The sub-Rayleigh speed,
0.8𝑐𝑠, lies in the middle of the typical speed range (0.7 − 0.9𝑐𝑠) inferred for
most earthquakes. Two speeds are necessary within the intersonic range,
since the sign of the radiated shear fields changes as the Eshelby speed,√

2𝑐𝑠, (at which no S-waves are generated) (Eshelby, 1949) is crossed (Dun-
ham & Archuleta, 2005). Stability considerations (Burridge et al., 1979;
Obrezanova & Willis, 2003) suggest ruptures should only propagate above√

2𝑐𝑠, and most of the previously mentioned inversions have found speeds
in this range. Consequently we focus primarily on 𝑣𝑟 = 1.6𝑐𝑠 within the
supershear regime, but also present results for 𝑣𝑟 = 1.3𝑐𝑠, which lies on the
opposite side of the Eshelby speed. For simplicity, we keep 𝑣𝑟 fixed (rather
than considering a more natural transition from sub-Rayleigh to supers-
hear speeds, which would generate a more complicated set of waveforms)
and consider symmetrically expanding bilateral ruptures that propagate a
distance 𝐿 in each direction. We also wish to work in the context of a dy-
namicmodel, in the sense that we specify a constant stress drop,Δ𝜎, within
the rupture. In this sense, our models are closely related to self-similar sin-
gular crackmodels in 2D. In our work, we prevent a stress singularity at the
rupture front by employing a cohesive zone model that can be interpreted
in the context of the commonly used slip-weakening friction law. The pa-
rameters of this model are the peak and residual strengths, 𝜏𝑝 and 𝜏𝑟, and
the distance, 𝑅, over which strength drops from 𝜏𝑝 to 𝜏𝑟. As discussed by
Dunham & Archuleta (2005) and Bhat et al. (2007), the extent of the slip-
weakening zone (relative to the length of the rupture) plays a large role in
determining the maximum amplitude of fields at the Mach front.

The specific, simplified, procedure we use to force ruptures with the de-
sired properties was originally employed by Andrews (1985). The shear
strength of the fault, 𝜏𝑠𝑡𝑟, weakens linearly with distance (with weakening
rate 𝐴) behind the rupture front:

𝜏𝑠𝑡𝑟(𝑥, 𝑡) = max{𝜏𝑟, 𝜏𝑟 + 𝐴(|𝑥| − 𝑣𝑟𝑡)}. (2.51)

The fault is locked until stress reaches the fault strength, 𝜏𝑝 (which is not
specified apriori in this approach, but depends on 𝜏𝑟 and𝐴, and variesmod-
erately with the position of the rupture tip), at which time slip commences
and weakening occurs in such a way as to ensure that stress always equals
strength during sliding. This is illustrated in Figure 2.17. In this model,
both 𝜏𝑝 and 𝑅 evolve as the rupture expands in order to provide a solution
with nonsingular and continuous stress at the tip. An associated energy re-
lease rate, or fracture energy 𝐺, can then be inferred as the area under the
resulting plot of 𝜏 − 𝜏𝑟 versus slip. In 2D self-similar crack models, 𝐺 in-
creases linearly with propagation distance; the procedure we use, if applied
in this context, results in an increase of both 𝜏𝑝 and 𝑅 to accommodate the
increasing energy flux into the slip-weakening zone.

We note several other important quantities that will be of interest to us.
The first is the seismic 𝑆 ratio [𝑆 = (𝜏𝑝 − 𝜎0

𝑧𝑥)/(𝜎0
𝑧𝑥 − 𝜏𝑟)], a measure of

the initial load, 𝜎0
𝑧𝑥, relative to the peak and residual strengths. The stress
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Low Moderate Large
field, scale (units) Δ𝜎 Δ𝜎 Δ𝜎
stress, Δ𝜎 (MPa) 0.3 3 30

velocity, Δ𝜎𝑐𝑠/𝜇 (m/s) 0.03 0.3 3
displacement, Δ𝜎𝑊/𝜇 (m) 0.1 1 10

fracture energy, Δ𝜎2𝑊/𝜇 (MJ/m2) 0.03 3 300

Table 2.1: Representative dimensionalizing factors by which nondimensional values reported
in this study may be converted to physical values; a range exists due to uncertainty in ∆𝜎.
Other parameters employed in these relations are 𝜇 = 30 GPa, 𝑐𝑠 = 3 km/s, and 𝑊 = 10
km.

drop isΔ𝜎 = 𝜎0
𝑧𝑥 − 𝜏𝑟 and the strength drop is 𝜏𝑝 − 𝜏𝑟. The fracture energy,

𝐺, may be calculated for each point on the fault as

𝐺 = ∫[𝜏(𝑡) − 𝜏𝑟]𝑉 (𝑡)𝑑𝑡 = ∫[𝜏(𝛿) − 𝜏𝑟]𝑑𝛿, (2.52)

in which 𝑉 is the slip velocity and the integrals are taken over all time 𝑡 or
all slip 𝛿. Finally, we define an equivalent slip-weakening distance 𝐷𝑐 via
the relation

𝐺 = 1
2(𝜏𝑝 − 𝜏𝑟)𝐷𝑐, (2.53)

which proves useful when interpreting our results in the context of the com-
monly used linear slip-weakening law (Andrews, 1976).

We next nondimensionalize the model by scaling all distances by 𝑊
and time by 𝑊/𝑐𝑠. Stress is scaled with Δ𝜎, particle and slip velocities by
Δ𝜎𝑐𝑠/𝜇, and displacements and slip by Δ𝜎𝑊/𝜇; 𝜇 is the shear modulus.
When considering physical values of these parameters, we take𝜇 = 30GPa,
𝑐𝑠 = 3 km/s, and 𝑊 = 10 km. We consider a Poisson material (i.e., one for
which the P- and Rayleigh-wave speeds are 𝑐𝑝 =

√
3𝑐𝑠 and 𝑐𝑅 ≈ 0.9194𝑐𝑠),

and choose 𝜏𝑟 to yield a dynamic coefficient of friction of 0.2 (but note that
the actual value of normal stress, 𝜎0

𝑧𝑧, is unimportant since normal stress on
the fault remains unaltered by slip on vertical strike-slip faults in a homo-
geneous medium). Estimates of stress drop vary widely, and to encompass
this range we consider three representative values of Δ𝜎: 0.3 MPa, 3 MPa,
and 30 MPa. We report nondimensional values (denoted by a superscript
∗) in our figures, and these may easily converted to physical values by the
scaling factors described above and summarized for reference in Table 2.1.

We numerically solve our problemwith a staggered grid finite difference
code (Favreau et al., 2002) with fault boundary conditions implemented us-
ing the staggered-grid split-node (SGSN) method of Dalguer & Day (2007).
Rake rotation is permitted, in that the slip vector rotates so as to be aligned
with the shear traction vector. The degree of rake rotation depends on the
change in stress relative to the initial level of stress in the medium. In our
simulations, 𝜎0

𝑧𝑥/(𝜎0
𝑧𝑥 − 𝜏𝑟) = 1.2 and we apply no transverse shear loads

(i.e., 𝜎0
𝑧𝑦 = 0). The method is fourth order in space and second order in

time for wave propagation in the body, but the spatial order is reduced to
second order at the fault. We implement the free-surface boundary con-
dition using the fourth-order W-AFDA scheme proposed by Kristek et al.
(2002) (which collocates the free surface with the grid points for vertical
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velocity and normal stresses), and place perfectly matching layer (PML) ab-
sorbing boundaries on the remaining sides (Marcinkovich & Olsen, 2003).
Ruptures propagate for 15𝑊 in each direction before reaching the end of
the fault (we lock the fault beyond this), but the computational domain ex-
tends in this direction out to ±20𝑊 to permit an examination of stopping
phases. The fault-normal extent of the computational domain on each side
of the fault is 15𝑊 . We run each simulation for a duration that permits the
S-wave stopping phase from the fault ends to reach 15𝑊 in the fault-normal
direction for any 𝑥. We discretize the medium with a uniform grid spacing
of ℎ∗ = 0.02 (i.e., a grid spacing of ℎ = 200 m for 𝑊 = 10 km, which is
far larger than desired if the estimates of slip-weakening-zone sizes, 𝑅, of
a few tens of meters at mid-seismogenic depths by Rice et al. (2005) are ac-
curate). Numerical resolution is discussed below, but we note here that the
resolution is determined by the choice of 𝐴∗; larger 𝐴 implies smaller 𝑅.

The 2D case provides a convenient starting point to calibrate the numer-
ical method, and it further provides reference solutions to which we can
compare our 3D results to isolate the effects of the finite faultwidth. The im-
mediately arising question is which parameters should be held fixed when
comparing sub-Rayleigh and supershear ruptures. For expanding ruptures
on homogeneous faults, the seismic 𝑆 ratio determines whether or not rup-
tures will achieve supershear speeds (Andrews, 1976). While this param-
eter has less importance in the context of our constant-speed models, this
knowledge motivates our method of comparing sub-Rayleigh and supers-
hear ruptures.

Consider the case that both 𝐺 and 𝜏𝑝 − 𝜏𝑟 are intrinsic properties of the
fault, which immediately implies a particular 𝐷𝑐 as defined above. Then
what determines whether or not a rupture propagates at a supershear speed
is the stress drop, Δ𝜎, relative to 𝜏𝑝 − 𝜏𝑟. From this perspective, we wish
to hold 𝐺, 𝜏𝑝 − 𝜏𝑟, and 𝐷𝑐 fixed while varying 𝑣𝑟 and Δ𝜎. However, the
former quantities all varywith propagation distance in ourmodel. In the 2D
self-similar case, 𝐺 increases linearly with distance (Broberg, 1960, 1999;
Freund, 1990). Upon introducing a slip-weakening zonewith characteristic
sizeΔ𝜎/𝐴, self-similarity is lost and both 𝜏𝑝 −𝜏𝑟 and𝐷𝑐 become increasing
functions of distance. A strictly self-similar model—which would feature a
constant 𝜏𝑝 − 𝜏𝑟 and a 𝐷𝑐 that increased linearly with time or propagation
distance—could be achieved by making 𝐴 inversely proportional to time,
but we do not follow this approach. Instead, we simply select a distance
𝑥∗ = 8 andmatch𝐺 and 𝜏𝑝 −𝜏𝑟 at this location. Matching𝐺 at any location
suffices tomatch𝐺 for all locations in this 2Dmodel, but this is not the case
for 𝜏𝑝 − 𝜏𝑟 and 𝐷𝑐 as discussed above.

The single tunable parameter in our models is 𝐴∗, and we first exam-
ined the sub-Rayleigh case (𝑣𝑟 = 0.8𝑐𝑠) with an eye on numerical resolu-
tion. Choosing 𝐴∗ = 7.00 places a minimum of (Δ𝜎/𝐴)/ℎ ≈ 7 grid points
within the slip-weakening zone; this number increases as the rupture ex-
pands (see Figure 2.17 for an example of our resolution). By gathering data
from ruptures with various 𝐴∗ at the two supershear values of 𝑣𝑟, we iden-
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𝑣𝑟/𝑐𝑠 𝑆 𝐴∗ 𝐺∗ 𝐷∗
𝑐 Δ𝜎 (MPa) 𝐴 (MPa/km) 𝑅 (km)

0.8 2.03 7.00 3.19 2.10 3.00 2.10 4.33
1.3 1.28 2.71 1.80 1.58 3.99 1.08 8.42
1.6 0.53 3.72 0.82 1.06 5.92 1.93 4.71

Table 2.2: Model parameters, reported as both nondimensional values andwhen dimensional-
ized in the case that∆𝜎 = 3MPa for 𝑣𝑟 = 0.8𝑐𝑠 (see Table 2.1 and text for further discussion
of the dimensionalization method). Parameters which are independent of 𝑣𝑟 are 𝐺 = 9.57
MJ/m2, 𝜏𝑝 − 𝜏𝑟 = 9.09 MPa, and 𝐷𝑐 = 2.10 m. Note that 𝐺, 𝜏𝑝 − 𝜏𝑟, 𝐷𝑐, and 𝑆 increase
with propagation distance in our model; the values reported here are measured at 𝑥 = 8𝑊 in
the 2D geometry.
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Figure 2.18: Wavefronts from an expanding
supershear rupture that stops after propagat-
ing a distance 𝐿. The starting phases are
marked as 𝑃0 and 𝑆0, the stopping phases as
𝑃𝐿 and 𝑆𝐿, and the Rayleigh and shear Mach
fronts as 𝑀𝑅 and 𝑀𝑠. Only points within the
trapezoidal regions have experienced the pas-
sage of the respective Mach waves. A num-
ber of other wavefronts—such as head waves,
Rayleighwaves on the fault, andRayleigh-wave
diffractions—are not shown.

tified the model parameters listed in Table 2.2.

We further need to explore how the particular choice of 𝐴 (and hence
𝜏𝑝 − 𝜏𝑟 and 𝐷𝑐) influences field amplitudes. There is considerable uncer-
tainty in the appropriate values of 𝜏𝑝 − 𝜏𝑟 and 𝐷𝑐. From the perspective
of seismic inversions, here are two primary reasons for this. First, slip in-
versions are limited in bandwidth, and Guatteri & Spudich (2000) and Spu-
dich & Guatteri (2004) have shown that a strong trade-off exists between
strength drop and slip-weakening distance for sub-Rayleigh ruptures. Sec-
ond, Dunham & Archuleta (2005) have pointed out that, at least for 2D
steady-state ruptures, the wavefield of sub-Rayleigh ruptures consists en-
tirely of evanescent waves. This implies that a given frequency component
of the wavefield decays exponentially with distance from the fault over a
scale that is inversely proportional to the frequency. This also occurs for
the dilatational component of fields from supershear ruptures. In contrast
to this, the frequency content of the shear component of the wavefield (in
the form of Mach waves) is preserved with increasing distance from the
fault. To explore this issue in the context of our 3D rupture model, we con-
duct an additional two runs for 𝑣𝑟 = 0.8 and 1.6𝑐𝑠, increasing 𝐴 first by a
factor of two and then by a factor of four.

Results

We proceed by propagating ruptures using the model parameters listed in
Table 2.2 for both the 2D and 3D geometries. Prior to examining the off-
fault fields, it is appropriate to examine the pattern of wavefronts generated
by an expanding supershear rupture that stops. Only a certain region—a
trapezoid on each side of the fault—experiences the passage of Mach waves
(Figure 2.18), and it is within this region that the largest amplitudes are
expected. In the 2D case, after the rupture has stopped, amplitudes at the
planar Mach fronts remain undiminished as they radiate from the fault.

Figure 2.19 shows snapshots of particle velocities from our 3D ruptures.
The wavefronts illustrated in Figure 2.18 are clearly seen. As previous stud-
ies have revealed, the dominant component of motion changes from the
fault-normal to the fault-parallel direction as the rupture exceeds the S-wave
speed (Aagaard & Heaton, 2004; Dunham & Archuleta, 2005). The two-
sided fault-normal pulse dominates the ground motion from sub-Rayleigh
ruptures, but the largest amplitudes are concentrated within a distance ∼
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Figure 2.19: Snapshots of the free-surface ve-
locity field for various ruptures speeds at two
times: just as the rupture arrives the edge of
the fault and at a slightly later time (an addi-
tional 3𝑊/𝑐𝑠 after the arrival) to emphasize
the stopping phases. Ruptures have identical
𝐺, 𝜏𝑝 −𝜏𝑟, and𝐷𝑐 but different∆𝜎. Note that
the value of∆𝜎 used to nondimensionalize the
velocities is different for each rupture speed
(see Table 2.1). The color scale is saturated for
positive values to emphasize field amplitudes
away from the rupture front. The closely co-
incident shear and Rayleigh Mach fronts can
most clearly be seen in the fault-normal com-
ponent for 𝑣𝑟 = 1.6𝑐𝑠 since the sign of this
component is opposite for the two fronts.

𝑊 from the fault. Large amplitudes are also present in the region beyond
the end of the fault; these are carried by S-wave stopping phases. For super-
shear ruptures, the largest amplitudes, aside from those in the immediate
vicinity of the rupture front, occur along the closely coincident Rayleigh
and shear Mach fronts, which extend from the fault out to a distance deter-
mined by how far the rupture has propagated.

To further explore the ground motion histories, we plot seismograms at
𝑥 = 10𝑊 for various distances from the fault (Figure 2.20). The location
𝑥 = 10𝑊 is chosen because the rupture is well developed at this point (in
the sense that the effects of the fault width are established), but the effects of
the stopping phases are relatively minor. In addition to the velocity traces,
wemark the arrival times of the P- and S-wave starting and stopping phases
and, for stationswithin theMach region for supershear ruptures, the arrival
time of the shear Mach front. For example, the S-wave stopping phase ar-
rives at

𝑡 = 𝐿
𝑣𝑟

+ √(𝐿 − 𝑥)2 + 𝑧2

𝑐𝑠
. (2.54)

The shear Mach front arrives at

𝑡 = 𝑥 + 𝑧√𝑣2𝑟/𝑐2𝑠 − 1
𝑣𝑟

, (2.55)

and the Rayleigh Mach front arrives at

𝑡 =
𝑥 + 𝑧√𝑣2𝑟/𝑐2

𝑅 − 1
𝑣𝑟

. (2.56)
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Figure 2.20: Velocity seismograms at 𝑥 =
10𝑊 for various distances from the fault. Ma-
jor wavefront arrivals illustrate in Figure 2.18
are marked. Ruptures have identical 𝐺, 𝜏𝑝 −
𝜏𝑟, and 𝐷𝑐 but different ∆𝜎. Note that the
value of∆𝜎 used to nondimensionalize the ve-
locities is different for each rupture speed (see
Table 2.1).

Using these seismograms as a reference, we are now in a position to de-
termine the influence of the slip-weakening-zone size on ground-motion
amplitudes. To illustrate the main results, we compare velocity seismo-
grams from supershear ruptures with three values of 𝐴 (Figure 2.21). For
supershear ruptures, as 𝐴 is increased (corresponding to more rapid weak-
ening with a larger 𝜏𝑝 − 𝜏𝑟 and smaller 𝐷𝑐 but fixed 𝐺), amplitudes rise
accordingly, but only at the Mach fronts. This is clearly evident when com-
paring the amplitudes of the dilatational waveform that precedes the Mach
fronts; these amplitudes are completely insensitive to how rapidly the fault
weakens. It further follows that the entire wavefield (both dilatational and
shear components) of sub-Rayleigh ruptures will be rather insensitive to
details of the weakening process at the rupture front, and our simulations
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Figure 2.21: Velocity seismograms at 𝑥 =
10𝑊 and 𝑧 = 5𝑊 for a supershear rupture
(𝑣𝑟 = 1.6𝑐𝑠) illustrating the effect of increas-
ing 𝐴, the rate of weakening with distance
from the rupture front [𝐴 = (𝜏𝑝 − 𝜏𝑟)/𝑅] by
simultaneously decreasing the slip-weakening-
zone size 𝑅 and increasing the strength drop
𝜏𝑝 − 𝜏𝑟. The two insets show close-up views of
the dilatational waveform (upper left), which
is insensitive to 𝐴, and the Mach fronts (lower
right), which are highly sensitive to𝐴. Seismo-
grams at the same location from a sub-Rayleigh
rupture with 𝑣𝑟 = 0.8𝑐𝑠 (not shown), like the
dilatational waveform of the supershear rup-
ture, are insensitive to 𝐴. Due to the lim-
ited numerical resolution in our simulations,
we are unable to use the realistic values of 𝑅
predicted by Rice et al. (2005), and are con-
sequently unable to separate the effects of the
shear and Rayleigh Mach waves.

(not shown) confirm this. A possible exception to this might occur when
the rupture process is highly unsteady. In this case, the wavefield would
consist of both evanescent and radiating waves; the radiating waves will
transport high-frequency signals away from the fault.

Our next step is to quantify the groundmotion in our simulations by plot-
ting the maximum peak-to-peak velocity experienced at each point on the
free surface (Figure 2.22). In all cases, the largest ground motion occurs in
the immediate vicinity of the fault. For sub-Rayleigh ruptures, the region
beyond the fault end in the propagation direction also experiences strong
shaking; this is carried by the S-wave stopping phase. For supershear rup-
tures, locations within the Mach region also experience large amplitudes;
this is most evident for 𝑣𝑟 = 1.6𝑐𝑠. As discussed above, the peak ampli-
tudes transmitted along the Mach front are quite sensitive to the particular
details of the weakening process at the rupture front. As𝐴 is increased, the
amplitudes within the Mach region also increase and eventually dominate
any peak-to-peak motion generated by stopping phases.

The final step in our analysis is to plot maximum peak-to-peak ampli-
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Figure 2.22: Maximum peak-to-peak ampli-
tude of the free-surface velocity field. The
top three rows compare ruptures with differ-
ent speeds; these ruptures have identical 𝐺,
𝜏𝑝 − 𝜏𝑟, and𝐷𝑐 but different∆𝜎. The bottom
three rows illustrate the effect of increasing the
weakening rate, 𝐴, at the rupture front. Frac-
ture energy is preserved, so increasing 𝐴 in-
creases 𝜏𝑝−𝜏𝑟 and decreases𝐷𝑐. Note that the
value of∆𝜎 used to nondimensionalize the ve-
locities is different for each rupture speed (see
Table 2.1). The color scale covers the entire
range of amplitudes for the top three rows, but
is saturated for the bottom two rows.

tudes on the free surface along a line normal to the fault at 𝑥 = 10𝑊
(Figure 2.23). Amplitudes from the supershear rupture with 𝑣𝑟 = 1.6𝑐𝑠
are almost always the largest, except that fault-normal motion close to the
fault is largest from sub-Rayleigh ruptures. The contrast between supers-
hear and sub-Rayleigh ruptures is quite prominent at distances exceeding
𝑊 . The nonmonotonic decrease of amplitude with increasing distance that
appears for supershear ruptures (e.g., around 𝑥 = 2𝑊 for 𝑣𝑟 = 1.6𝑐𝑠 on the
fault-parallel component) stems from the fact that close to the fault, peak
amplitudes occur not at the Mach fronts but within the dilatational wave-
form preceding it. At a distance of about 2𝑊 , theMach waves, which decay
at a more gradual rate than the dilatational field components, become the
carriers of the peak amplitudes. This can be seen by examining the seismo-
grams in Figure 2.20.

We also show a similar plot for supershear ruptures (𝑣𝑟 = 1.6𝑐𝑠) with
larger values of𝐴 (corresponding to larger 𝜏𝑝 −𝜏𝑟 and smaller𝐷𝑐 and𝑅) in
Figure 2.24. As 𝐴 is increased, the Mach fronts become more concentrated
and exhibit larger amplitudes. As discussed previously, fields from sub-
Rayleigh ruptures become progressively more insensitive to 𝐴 away from
the fault. This means that larger values of 𝐴 will result in an increase in
peak-to-peak amplitudes far from the fault for supershear ruptures (as evi-
denced by Figure 2.24). On the other hand, sub-Rayleigh ruptures will have
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amplitudes only as large as those shown in Figure 2.23 regardless of the ex-
tent of the slip-weakening zone.

As stated earlier, one objective of this project is to evaluate the validity of
using the 2D steady-state slip-pulse model of Dunham & Archuleta (2005)
and Bhat et al. (2007) to predict fields around propagating ruptures. We
consider only the case of 𝑣𝑟 = 1.6𝑐𝑠, since we are primarily interested in
how rapidly amplitudes at the Mach fronts decay with distance from the
fault (which we expect to be influenced by the finite fault width). The pa-
rameters of the slip-pulse model are the rupture speed 𝑣𝑟, the strength drop
𝜏𝑝 − 𝜏𝑟, the extent of the slip-weakening zone 𝑅, and the length of the slip
pulse. We assign these parameters by comparison to our 3D results at the
free surface when the rupture front reaches 𝑥 = 10𝑊 . This is shown in Fig-
ure 2.25. Then, by evaluating the expressions given inDunham&Archuleta
(2005), we obtain plots of the maximum peak-to-peak amplitudes in the 2D
model as a function of distance from the fault; these are compared to our 3D
results, calculated not over all time as before, but now from the wavefield
present in the medium at the time that the rupture front reaches 𝑥 = 10𝑊 .
This appears in Figure 2.26. The 2D model provides an accurate prediction
of the fields in the immediate vicinity of the fault, especially on the fault-
parallel component. The fault-normal component is not preciselymatched;
this is likely because of free surface effects (since the agreement between
the two models increases if the station is situated below the free surface).
The 2D approximation breaks down at distances larger than 𝑊 , where an
inverse square-root decay of amplitudes at the shear Mach fronts dimin-
ishes amplitudes below that in the 2Dmodel. Furthermore, RayleighMach
waves are completely absent in the 2D model, and at great distances from
faults in 3D, these are expected to carry the largest amplitudes.
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Figure 2.23: Maximum peak-to-peak ampli-
tude of fields at𝑥 = 10𝑊 as a function of fault-
normal distance (shownon both linear and log-
log scales). Ruptures have identical𝐺, 𝜏𝑝 −𝜏𝑟,
and 𝐷𝑐, but different ∆𝜎. Note that the value
of ∆𝜎 used to nondimensionalize the veloci-
ties is different for each rupture speed (see Ta-
ble 2.1).
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Figure 2.24: Maximum peak-to-peak ampli-
tude of fields from a supershear rupture (𝑣𝑟 =
1.6𝑐𝑠) at 𝑥 = 10𝑊 as a function of fault-
normal distance (shownon both linear and log-
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dimensional numerical simulations (stations
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model (labeled “2D”) of Dunham & Archuleta
(2005) and Bhat et al. (2007).

Numerical Evidence for Rayleigh-Wave Mach Fronts from Supers-
hear Ruptures

Themost distinctive features of the 2D supershear slip-pulsemodels are the
shear Mach waves. In 3D calculations incorporating a free surface, we also
expect Mach fronts from Rayleigh waves that are generated by the interac-
tion of the rupture with the surface. As a rupture propagates through an
elastic half-space it would, if constraints of plane strain in the 𝑥 − 𝑧 plane
were imposed, perturb the out-of-plane stress component, 𝜎𝑦𝑦, near the free
surface. Since there is nothing to supply such constraint, 𝜎𝑦𝑦 must vanish
on the free surface; this can be accomplished by applying moving normal
loads on the surface to negate the otherwise nonzero 𝜎𝑦𝑦 pattern. These
loads, which propagate at a super-Rayleigh speed if the rupture speed is su-
pershear, will then excite Rayleigh Mach waves (Georgiadis & Lykotrafitis,
2001; Lansing, 1966).

As our simulations reveal, supershear slip pulses emit both Rayleigh and
shear Mach waves into Mach bands bounded by linear wavefronts extend-
ing from both the leading and trailing edges of the slipping region, though
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the largest amplitudes occur in a narrower region corresponding to the por-
tion of the slip pulse having the largest slip velocities (typically the size
of the slip-weakening zone). The Rayleigh and shear Mach bands over-
lap close to the fault, but since the Rayleigh-wave speed is less than the
S-wave speed, the two Mach bands eventually separate at sufficiently far
distances from the fault. Denoting the length of the region emitting strong
Machwaves as 𝑅̃, the twoMach bands separate at the fault-normal distance
of

𝑧 = 𝑅̃/(cot𝛽𝑅 − cot𝛽𝑠), (2.57)

where 𝛽𝑅 = arcsin(𝑐𝑅/𝑣𝑟) and 𝛽𝑠 = arcsin(𝑐𝑠/𝑣𝑟) are the angles between
the −𝑥-axis and the Rayleigh and shear Mach fronts (or, equivalently, the
half-angle of the Mach cones). The difficulty in clearly distinguishing the
Rayleigh and shear Mach waves arises from the fact that the angle of the
Rayleigh Mach fronts is only slightly smaller than that of the shear Mach
fronts. For 𝑣𝑟 = 1.6𝑐𝑠 and 𝑐𝑅 ≈ 0.9194𝑐𝑠 (assuming a Poisson material),
𝛽𝑠 − 𝛽𝑅 ≈ 3.6∘ and the separation distance is 𝑧 ≈ 5.7𝑅̃.

The Rayleigh and shear Mach bands overlap over the entire computa-
tional domain in our simulations, but this may be an artifact of the ex-
tremely large slip-weakening zones (several kilometers when dimensional-
ized) that we had to assume to make our simulations numerically feasible.
This is vastly larger than the estimate by Rice et al. (2005) of a few tens of
meters. If their estimates are indeed correct, then the Rayleigh and shear
Mach bands will separate at a fault-normal distance much smaller than𝑊 .

Since the orientation of the two Mach bands is so similar, we confirm
the existence of Rayleigh Mach waves by exploiting certain properties of
the particle velocities and stresses. First, we separate the dilatational and
shear components of the fault-parallel and fault-normal velocities. To iso-
late the dilatational component, we take the divergence of the velocity vec-
tor. This filters out the shear component of the velocity (though it only
approximately removes all S waves since S waves impinging on the free sur-
face can generate both P and Rayleigh waves). The resulting Mach band
associated with this filtered field is parallel to the expected orientation of
the Rayleigh Mach front. To isolate the shear contribution to the velocity
field, we take its curl and approximately filter out P waves and the dilata-
tional component of Rayleigh waves. The resulting Mach band of the fil-
tered field is parallel to the shear Mach front orientation. The filtered fields
are shown in Figure. 2.27.

Second, the surface velocity vector associated with shear Mach waves
should be parallel to the shear Mach front, and the velocity vector associ-
ated with Rayleigh Mach waves should be perpendicular to the Rayleigh
Mach front. Thus, examining just the component of velocity parallel to the
Rayleigh Mach front should emphasize the shear Mach band, and viewing
just the component of velocity normal to the shear Mach front should em-
phasize the Rayleigh Mach band. Figure. 2.27 also shows this. In general
we notice that the RayleighMach waves are largest toward the trailing edge
of the Mach band and that the shear Mach waves are largest toward the
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leading edge.

A thirdway to illustrate the existence ofRayleighMachwaves is to look at
the volumetric part of the stress field. For 2D plane-strain supershear rup-
tures, the Mach waves are entirely comprised of S waves. This means that
the volumetric part of the stress tensor (i.e., the trace,Δ𝜎𝑥𝑥 +Δ𝜎𝑦𝑦 +Δ𝜎𝑧𝑧)
vanishes within the Mach band. In 3D, if the Mach band is comprised
mainly of S waves, then the same condition should be true. We check for
this feature in our 3D results on the free surface (where Δ𝜎𝑦𝑦 = 0), and as
Figure. 2.27 demonstrates, this is clearly not the case. In fact we see large
compressive stressing in the Mach band, which is consistent with the ex-
pected sense of stressing due to a Rayleigh wave that exerts compressional
stresses in both the fault-parallel and fault-normal directions on the com-
pressional side of the fault. Furthermore, the Mach band revealed in this
filtered field is cleanly delimited by the Rayleigh Mach fronts.

We have thus shown that unlike the 2D supershear slip-pulse models
of Dunham & Archuleta (2005) and Bhat et al. (2007), in which the Mach
bands were comprised solely of S waves, supershear ruptures in a 3D elastic
half-space also generate Rayleigh Mach waves. This leads to a more com-
plex stress and velocity field within the Mach bands. Most importantly,
since Rayleigh waves are confined to the free surface, they experience less
attenuation from geometrical spreading than do bodywaves. In fact, for the
ideally elastic mediumwe consider here, RayleighMachwaves suffer no at-
tenuation with distance from the fault. This leads us to expect that even in
3D, supershear ruptures are capable of transmitting significant groundmo-
tion and stresses far from the fault.

Off-fault Stressing and Activation of Secondary Faults

We next turn our attention to the off-fault stress fields, in particular to ex-
plore the hypothesis that the large stresses carried by the shear andRayleigh
Mach waves of supershear ruptures could activate secondary faulting on
nearby faults. The observation of triggered faulting in the 2002 Denali fault
earthquake (Eberhart-Phillips et al., 2003) prompted studies of whether or
not something similar could occur in southern California. Our work builds
on the latter study, though we do not explicitly model slip on secondary
faults. Instead, we look at Coulomb stress changes, Δ𝐶𝑆, on pre-existing
fault structures of a given orientation (Figure. 2.28). We specifically focus
on two fault orientations, motivated by potential rupture of the southern
San Andreas fault. The first is a thrust fault with a dip of 30∘ that strikes at
30∘ with respect to the main fault; this provides a rough approximation to
thrust features like the Sierra Madre fault north of the Los Angeles basin.
The second is a vertical strike-slip fault that strikes at 150∘ with respect to
the main fault. This orientation is inspired by the San Jacinto fault; like the
main fault, it is right-lateral. Note that we do not specify any spatial dimen-
sions of the faults as we are only interested in resolving shear and normal
stresses onto structures of a particular orientation. To briefly summarize
the procedure, we calculate the shear stress change in the direction of slip,
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are required to calculate ∆𝐶𝑆; hence, the
location and dimensions of the faults are for
illustrative purposes only.

Δ𝜏 , and the normal stress change,Δ𝜎𝑛 (positive in tension), and then eval-
uate Δ𝐶𝑆 = Δ𝜏 + 𝑓𝑠Δ𝜎𝑛 for a static friction coefficient of 𝑓𝑠 = 0.6. Fi-
nally, it is important to keep inmind that these estimates are surely affected
by our large slip-weakening zone sizes, which cause the high-stress shear
and Rayleigh Mach fronts to remain overlapped in the region studied (they
do not seem to have reinforcing effects on Coulomb stress in general, but
rather seem to have somewhat opposing effects).

Figures. 2.29 and 2.30 show snapshots ofΔ𝐶𝑆 from our 3D simulations,
evaluated at mid-seismogenic depth (𝑦 = 0.5𝑊 ) at two times: just as the
rupture arrives the edge of the fault and at a slightly later time (an addi-
tional 3𝑊/𝑐𝑠 after the arrival) to emphasize the stopping phases. Stress
fields are evaluated at every point on the free surface, and only the regions
of positive Coulomb stress change (Δ𝐶𝑆 > 0) are shown. While Bhat et
al. (2007) have obtained simple expressions for the far-field stress perturba-
tions along the shearMach bands of 2D supershear slip pulses, any compar-
ison of their results with the 3D calculations would be invalid as the dilata-
tional part of the stress field in theMach bands is non-negligible. A possible
exception might occur at distances sufficiently removed from the fault that
shear and RayleighMach bands do not overlap (such distances are probably
unrealistically large in our simulations). Furthermore, we emphasize that
the figures would likely look notably different if calculations could be done
with small enough slip-weakening zones that the shear and RayleighMach
bands did not overlap so substantially as in the present work.

We evaluate the temporal evolution of Coulomb stress change, akin to
the synthetic seismogram plots in Figure. 2.20, on the above structures,
along a line extending perpendicularly away from the fault at 𝑥 = 10𝑊
at mid-seismogenic depth (𝑦 = 0.5𝑊 ). This is shown in Figures. 2.31
and 2.32. We also calculate the maximum positive Coulomb stress change,
Δ𝐶𝑆max, experienced over all times, and study how this quantity decreases
with distance from the fault in Figure. 2.33.

Figure. 2.29 shows Δ𝐶𝑆 for Sierra Madre–like structures due to a rup-
ture propagating at various speeds and propagation directions on the San
Andreas-like fault. In general, these thrust structures are favorably oriented
for activation by stresses within the Mach bands of supershear ruptures
(𝑣𝑟 >

√
2𝑐𝑠) propagating from the northwest (NW) to the southeast (SE) on

San Andreas. The fault structures strike almost parallel to the Mach fronts
for this direction of propagation. For SE to NW propagation, Sierra Madre–
like structures are also favorably stressed for activation (for both 𝑣𝑟 = 0.8𝑐𝑠
and 1.6𝑐𝑠), but these stress changes are smaller than those from supershear
ruptures propagating NW to SE. The influence of propagation direction is
far more pronounced for San Jacinto–like structures, as illustrated in Fig-
ure. 2.30. For all speeds, the favorable propagation direction for activation
of these strike-slip structures is from theNW to the SE. In this case, the fault
structures strike almost perpendicular to the Mach fronts.

It is interesting to note that the radiated stress field from stopping a su-
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structures at mid-seismogenic depth (𝑦 =
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times: just as the rupture arrives the edge of
the fault and at a slightly later time (an addi-
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pershear rupture at 𝑣𝑟 = 1.6𝑐𝑠 is only slightly larger than that from stop-
ping a sub-Rayleigh rupture. This is due to the fact that as the rupture ap-
proaches the P-wave speed, the dilatational field undergoes a Lorentz-like
contraction parallel to the propagation direction. Furthermore, we see that
the amplitude of Coulomb stress changes at the Mach fronts is generally
comparable to stress changes in the immediate vicinity of the fault from a
stopping sub-Rayleigh rupture. For a stress drop of 3 MPa, the Coulomb
stress perturbation carried by the Mach front for 𝑣𝑟 = 1.6𝑐𝑠 is about 0.3
MPa at a distance of 3𝑊 . This estimate will only increase with decreasing
slip-weakening-zone size.

Harris et al. (1991), Harris et al. (1991), and Fliss et al. (2005) suggest
that stopping-phase stress fields might activate slip on adjacent, but uncon-
nected, fault segments. However, while the large stress perturbation expe-
rienced in the near-fault-end region (for both sub-Rayleigh and supershear
ruptures) is a permanent feature (at least until altered by postseismic or
interseismic processes), the Mach-front stress perturbations are transient.
The duration of these features can be seen in the Coulomb stress “seismo-
grams” in Figures. 2.31 and 2.32. The typical duration of these features
(for the probably too-large slip-weakening-zone sizes in our simulations) at
a distance of 5𝑊 is about 0.5𝑊/𝑐𝑠, which translates to about 1.7 seconds
for representative values of 𝑊 and 𝑐𝑠. It is not yet established whether or
not stress perturbations of such short duration (but large amplitude) can
nucleate ruptures on secondary faults.

Figure. 2.33 shows themaximumpositiveCoulomb stress change,Δ𝐶𝑆max,
experienced at locations along a line extending from the fault at 𝑥 = 10𝑊
and 𝑦 = 0.5𝑊 . The direction of propagation for sub-Rayleigh ruptures
barely changes Δ𝐶𝑆max experienced by our two secondary fault orienta-
tions at distances 𝑧 >> 𝑊 . For supershear ruptures, the propagation di-
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rection that favors activation of San Jacinto–like and SierraMadre–like rup-
tures is clear. A NW to SE supershear rupture transmits stresses along the
Mach front out to distances as large as our computational domain (15𝑊 )
that might activate San Jacinto–like faults. For Sierra Madre–like thrust
features, SE to NW propagation produces the largest stresses, though prop-
agation in the opposite direction also generates significant stresses. Finally,
these estimates of stress changes from supershear ruptures are highly sen-
sitive to details of the weakening process at the rupture front, as discussed
earlier in the context of the velocity field. The estimates given here should
be interpreted as a lower bound, since we are constrained to the most grad-
ual of physically likelyweakening rates by numerical constraints. When pa-
rameterized by the slip-weakening distance, a reduction of 𝐷𝑐 from about
2 m (as used in the calculations shown here) to 0.5 m (with a correspond-
ing increase in the strength drop) would increase amplitudes at the Mach
fronts by a factor of four. Furthermore, the overlapping Mach bands are
sometimes partly self-canceling as regards contributions to Δ𝐶𝑆, a feature
that would not be present when they do not overlap.

To conclude, we have explored the influence of rupture speed on the
character and amplitude of ground motion and radiated stresses from rup-
tures on a vertical finite-width fault breaking the free surface of a half-space.
This extends our previous work on supershear dynamic ruptures in two
dimensions (Bhat et al., 2007; Dunham & Archuleta, 2005). In those 2D
steady-state models, shear Mach waves transport velocities and stress com-
parable to those experienced on the fault out to infinity. Without a source
of waves below the bottom edge of the fault, field amplitudes of body waves
in our 3Dmodel must diminish beyond a distance that scales with the fault
width, 𝑊 . As Ben-Menahem & Singh (1987) pointed out, the decay rate
of shear Mach waves will be governed by the geometrical spreading of the
Mach cone, causing amplitudes to decrease with the inverse square-root of
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Figure 2.31: Temporal evolution of ∆𝐶𝑆 on
Sierra Madre–like fault structures at various
fault-normal distances at 𝑥 = 10𝑊 at mid-
seismogenic depth (𝑦 = 0.5𝑊 ).

distance from the fault. In addition to producing the shearMachwaves seen
previously in 2D models, 3D supershear ruptures in a half-space also gen-
erate Rayleigh Mach waves. The Rayleigh and shear Mach bands overlap
near the fault, but eventually separate due to the slight difference in wave
speeds. The interference of the twoMach bands in the overlap region leads
to more complex velocity and stress fields. Perhaps most importantly, geo-
metrical spreading considerations suggest no attenuation of RayleighMach
waves.

We have not modeled two important factors that will influence field am-
plitudes: incoherence of the rupture process, and scattering and attenua-
tion along the path of radiating waves. The former has been examined by
Bernard&Baumont (2005) in the context of rupture-front curvature. At dis-
tancesmuch closer than𝑊 , an extra factor proportional the inverse square-
root of distance to the fault must be added. Ben-Menahem & Singh (1987)
accounted for attenuation in the form of a constant quality factor in their
study of propagating supershear dislocations, finding the precise manner
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Figure 2.32: Same as Figure. 2.31 but for San
Jacinto–like strike-slip structures.

in which attenuation bounds otherwise infinite accelerations (arising from
their choice of a delta-function source time function).

As our 2D models suggested, there are significant differences between
the radiated wavefields of sub-Rayleigh and supershear ruptures. Off-fault
fields not in the immediate vicinity of the fault are only sensitive to details
of the weakening process at the rupture front within the Mach bands of su-
pershear ruptures. Increasing the weakening rate (by simultaneously de-
creasing the extent of the slip-weakening zone and increasing the strength
drop) increases the amplitude of the Mach waves. This furthermore de-
creases the fault-normal distance required for separation of the Rayleigh
and shear Mach bands. In general, we find that supershear ruptures pro-
duce larger velocities and stresses far from faults than do sub-Rayleigh rup-
tures. At a distance of 𝑥 = 10𝑊 , supershear (𝑣𝑟 = 1.6𝑐𝑠) ruptures pro-
duces velocities that are five to ten times higher than those of sub-Rayleigh
ruptures. The differences are not quite as pronounced for stress changes,
but stresses at 𝑥 = 10𝑊 from supershear ruptures are several times larger
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Figure 2.33: Evolution of maximum posi-
tive Coulomb stress change, ∆𝐶𝑆max, on San
Jacinto–like and Sierra Madre–like fault struc-
tures with fault-normal distance. ∆𝐶𝑆max is
evaluated at 𝑥 = 10𝑊 at mid-seismogenic
depth (𝑦 = 0.5𝑊 ).

than those from sub-Rayleigh ones. Quite importantly, both velocity and
stress amplitudes from supershear ruptures depend highly on the extent of
the slip-weakening zone. The estimates given above lie at the least conser-
vative end of physically likely values, since much smaller slip-weakening
distances — which would generate much higher velocities and stresses —
have been suggested from a combination of laboratory constraints and seis-
mic observations (Rice et al., 2005). When decreasing the slip-weakening-
zone size by some factor, the peak velocities and stresses at the Mach fronts
are increased by approximately that same factor. This sensitivity to the slip-
weakening-zone size is not present for sub-Rayleigh ruptures.

Our results raise the possibility that stresses from a supershear rupture
might initiate slip on faults adjacent to the one hosting the supershear rup-
ture. As a hypothetical example, we consider whatmight occur if the south-
ern San Andreas fault fails at supershear speeds. Activation of San Jacinto–
like structures is favored if the rupture propagates from the northwest to
the southeast, but receives almost negligible positive stressing for ruptures
propagating in the opposite direction. The sensitivity of Sierra Madre–like
thrust structures to propagation direction is less pronounced, though activa-
tion is again favored by ruptures propagating from the northwest to south-
east. Our least conservative, but computationally most feasible, parameter
choice involves overlap of the twoMach bands at all distances investigated,
a condition which usually leads to some partial cancellation of Coulomb
stress changes. This would not be present for more conservative choices,
for which the bands would not overlap except quite near the fault.
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2.7 Transition to Supershear Speed

As discussed before the rupture speed regime between the Rayleigh and
shear wave speeds is energetically inadmissible, under idealised 2D condi-
tions. Thus transition from a sub-Rayleigh to a supershear speed requires
a jump in rupture velocity. This conundrum was first solved by Burridge
and Andrews and themechanism they proposed is calledMother-Daughter
transition. It is also referred to as the Burridge-Andrews mechanism (An-
drews, 1976; Burridge, 1973; Burridge et al., 1979). It was proposed that a
peak in the S-wave field positioned just ahead of the sub-Rayleigh rupture
front steadily increases in magnitude until it overcomes the frictional fault
strength. Once this occurs a so-called “daughter crack” is formed, which is
momentarily dissociated from the original ruptured portion of the fault and,
by definition, is supershear. The leading front of the daughter crack begins
as a unstable supershear rupture, which then rapidly accelerates and tran-
sitions into a stable supershear rupture. The trailing front rapidly merges
with the “Mother” crack making the entire crack supershear. Liu et al.
(2014) further refined this picture and showed that for relatively weaker
faults, the rupture speed always passes smoothly and continuously through
the range of speeds between the Rayleigh and shear wave speeds in a very
short time.

Alternative and equally plausible models for the nucleation of supers-
hear ruptures consider the dynamic interaction of the sub-Rayleigh rup-
ture with an inclusion or a local patch of higher strength along the fric-
tional fault. The presence of these features can also directly lead to dynamic
stress concentrations and localized instabilities, which can give rise to a su-
pershear rupture (Dunham & Archuleta, 2004; Dunham et al., 2003; Liu &
Lapusta, 2008). Both of the aforementioned supershear rupture transition
mechanisms have been experimentally investigated and observed in LEQ
experiments (Mello et al., 2014).

The methods used to infer supershear ruptures in nature, in most cases,
are designed to reveal a posterioriwhich segment of the rupture propagated
at supershear velocities. However, these methods often ignore the details
of the transition to supershear rupture speed as they usually focus on the
analysis of full-grown supershear ruptures. The location of the transition
from sub- to supershear speeds is often inferred as follows. Once the re-
gions of fully-developed ruptures are mapped, guided by seismological and
geodetic inversions, the supershear transition is presumed to have occurred
in-between the subshear and supershear segments, leading to an imprecise
and ad hoc location of this transition. Moreover, it remains difficult to as-
sign the location of this transition to specific features of the rupture path,
as the conditions for supershear transitions in nature are still poorly under-
stood, despite numerical efforts to characterise the mechanics of the tran-
sition process (Bhat et al., 2007; Bruhat et al., 2016; Liu et al., 2014; Liu &
Lapusta, 2008).

However, under idealised conditions of planar fault with uniform fric-
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tion and traction conditions it has been shown by Andrews (1976, 1985)
that two conditions need to be met for supershear transition. One relates to
the relative strength of the fault and states that the 𝑆 ratio needs to be below
the critical value, 𝑆𝑐. 𝑆𝑐 is 1.77 in 2D and 1.19 in 3D (Dunham, 2007). The
other states that the length of the fault has to be larger than 𝐿, the distance
taken by a sub-Rayleigh rupture to eventually attain supershear speeds.

𝐿 = 39.2
𝜋(1 − 𝜈)

1
(𝑆𝑐 − 𝑆)3

𝜇𝐺
(𝜏0 − 𝜏𝑟)2 (2.58)

Here 𝜈 is the Poisson’s ratio, 𝜇 is the shear modulus and 𝐺 is the fracture
energy. As laboratory earthquake experiments come close to the ideal con-
ditions, one can quite confidently use the above two guidelines to design
supershear experiments.

In nature, unfortunately it’s not true anymore. Thus, being able to locate
precisely the supershear transition would therefore greatly help at identify-
ing the mechanical reasons for such rupture process.

We first develop an approximation to understand how the velocity grows
during a seismic rupture using the Linear Elastic Fracture Mechanics ap-
proach. In a 2D homogeneous isotropic linear-elastic body, we consider a
semi-infinite plain-strain crack of length𝐿, and (𝑟,𝜃) polar coordinates cen-
tred at the crack tip. Let 𝜎0

𝛼𝛽 represent the initial stress state of themedium.
The static near-tip stress (positive in tension) 𝜎𝛼𝛽 field is given by

𝜎𝛼𝛽(𝑟, 𝜃) = 𝜎0
𝛼𝛽 + 𝐾𝐼𝐼√

2𝜋𝑟𝑓𝐼𝐼
𝛼𝛽(𝜃) (2.59)

where 𝐾𝐼𝐼 is the static stress intensity factor and 𝑓𝐼𝐼
𝛼𝛽 are universal angular

functions (Freund, 1979; Williams, 1957). The static stress intensity factor
varies with the crack length such that

𝐾𝐼𝐼 = 𝜙(𝜎, 𝜏)
√

𝜋𝐿 (2.60)

where 𝜙(𝜎, 𝜏) depends on the applied normal 𝜎 and shear 𝜏 stress. The
stress at the rupture tip increases with the crack length.

Now consider that the crack tip that moves at a speed 𝑣 ≤ 𝑐𝑅, where
𝑐𝑅 is the Rayleigh wave speed. The near-tip stresses now depend on a the
rupture speed 𝑣 as follows

𝜎𝛼𝛽(𝑟, 𝜃, 𝑣) = 𝜎0
𝛼𝛽 + 𝐾𝑑𝑦𝑛

𝐼𝐼 (𝑣)√
2𝜋𝑟 𝑓𝐼𝐼

𝛼𝛽(𝜃, 𝑣) (2.61)

where 𝐾𝑑𝑦𝑛
𝐼𝐼 is the dynamic stress intensity factor. This solution is entirely

analogous to the static problem. However, due to the moving coordinate
system, all the fields undergo a Lorentz-like contraction, affecting both the
stress intensity factor and the angular distribution. The dynamic stress in-
tensity factor can be approximated as Freund, 1972

𝐾𝑑𝑦𝑛
𝐼𝐼 ≈ 1 − 𝑣/𝑐𝑅

√1 − 𝑣/𝑐𝑃
𝐾𝐼𝐼 (2.62)
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where 𝑐𝑃 is the limiting speed for a mode II crack, being 𝑐𝑃 the P-wave
speed. Also 𝐾𝐼𝐼 = 𝜙(𝜎, 𝜏)√𝜋𝐿(𝑡) where the crack length is given by
𝐿(𝑡) = ∫𝑡

0 𝑣(𝑡) 𝑑𝑡.

Using the expressions above, we will compute the extent of the ‘yield’ re-
gion in the off-fault medium. To generalize and illustrate the state of stress,
we represent normal and shear stress using invariants

𝜎 = 𝜎𝑘𝑘
3 and 𝜏 = √1

2𝑠𝑖𝑗𝑠𝑗𝑖 with 𝑠𝑖𝑗 = 𝜎𝑖𝑗 − 𝜎𝛿𝑖𝑗 (2.63)

Solutions from linear elastic fracturemechanics give the state of stress at
the crack tip for a mode II crack:

𝜎11 + 𝜎22 = 𝜎0
11 + 𝜎0

22 + 𝐾𝐼𝐼√
2𝜋𝑟 (−2 sin 𝜃

2) . (2.64)

Since 𝜎33 = 𝜈(𝜎11 + 𝜎22) in plane strain, where 𝜈 Poisson’s ratio, we can
compute 𝜎:

𝜎 = 𝜎0 − 2(1 + 𝜈)
3

𝐾𝐼𝐼√
2𝜋𝑟 sin

𝜃
2 . (2.65)

Likewise, we compute 𝑠12:

𝑠12 = 𝜎0
12 + 𝜎12 (2.66)

= 𝜎0
12 + 𝐾𝐼𝐼√

2𝜋𝑟 [cos 𝜃
2 (1 − sin 𝜃

2 sin
3𝜃
2 )] (2.67)

The bracketed term is designated as 𝐴(𝜃). Thus we can compute 𝜏 ,

𝜏 = √1
2𝑠2

12 (2.68)

The Drucker-Prager failure criterion, 𝐹 , with a friction coefficient 𝑓 is
defined as,

𝐹(𝑟, 𝜃, 𝐿, 𝜙, 𝑣/𝑐𝑅, 𝜎0
𝑖𝑗) ≡ 𝜏 − 𝑓𝜎 = 0, (2.69)

For a fixed initial stress state, 𝜎0
𝑖𝑗, and a rupture velocity history, 𝑣(𝑡),

one can then calculate the furthest distance from the fault, 𝑟𝐷𝑃 , where the
Drucker-Prager yield criterion is violated.

When an earthquake rupture transitions to a supershear regime, the rup-
ture has to first accelerate to the Rayleigh wave speed. As the rupture ap-
proaches the supershear transition, 𝐾𝑑𝑦𝑛

𝐼𝐼 monotonically decreases to zero,
strongly reducing the stress concentration at the rupture tip. A Lorentz-
like contraction of the stress field occurs around the rupture tip as the rup-
ture speed approaches its limiting speed, 𝑐𝑅 (Freund, 1972). This contrac-
tion has already been observed and verified experimentally (Svetlizky &
Fineberg, 2014). Thus the off-fault domain affected by this stress concentra-
tion will also shrink. We illustrate this effect by calculating the extent of the
region where the stress state goes beyond the limits defined by a Drucker-
Prager failure criterion (Figures. 2.34a and 2.34b). This domain, which
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describes the theoretical extent of coseismic off-fault deformation, such as
fracture damage and aftershocks, will be directly affected by stress changes.
We show that the extent of the coseismic off-fault deformation results from
a combined effect of the increase in the rupture length and the decrease of
the term

(1 − 𝑣/𝑐𝑅)/√1 − 𝑣/𝑐𝑃

with increasing speed 𝑣 (see Methods Section for details of the demonstra-
tion). As the rupture approaches the Rayleigh wave speed, with uniform
(Figure. 2.34a) or non-uniform (Figure. 2.34b) rupture velocity, the stress
concentration at the rupture tip ultimately collapses, limiting the spatial
extent of possible off-fault damage and consequent aftershocks during the
transition from the sub-Rayleigh to the supershear regime.

This theoretical demonstration is then validated through two different
numerical models that account for dynamic evolution of coseismic damage
(Okubo et al., 2019; Thomas et al., 2017; Thomas & Bhat, 2018). In these
models, unlike the theoretical development presented above, the rupture is
spontaneous and there is a feedback between off-fault damage and on-fault
rupture. Both models produce in-plane dynamic simulations of an earth-
quake rupture on a 1D right-lateral planar fault embedded in a 2Dmedium.
A slip-weakening friction law is used to model the earthquake rupture and
damage only occurs on the tensional side of the fault (bottom side of the
fault on Figure. 2.34c and d, see Methods Section and Supporting Informa-
tion for further details).

The firstmodel employs novel numerical algorithms for earthquake rup-
ture allowing for spontaneous activation of off-fault fracture networks (Okubo
et al., 2019), HOSSedu, developed by the Los Alamos National Laboratory
(LANL) (Rougier et al., 2016). The numerical algorithms behind this tool
are based on the combined Finite-Discrete Element Method (FDEM) to
produce dynamically activated off-fault fracture networks. One of the key
FDEM is to allow each individual interface between the finite elements de-
scribing the off-fault medium to have their own tensional and shear cohe-
sion. Furthermore, these interfaces can break under appropiate stress con-
ditions. Each broken interface is then assimilated to a damage fracture.
When the rupture propagates, this allows for a live build-up of the damage
patterns (Klinger et al., 2018; Okubo et al., 2019).

Closeness to failure is derived using the invariant form of the Mohr-
Coulomb yield criterion:

𝐹𝑀𝐶 ≡ 𝜏𝑅𝑀𝐶 − 𝜎 tan𝜙 − 𝐶𝑝
𝐼𝐼 (2.70)

where tan𝜙 = 𝑓𝑠 is initial static friction coefficient and 𝐶𝑝
𝐼𝐼 is initial peak

shear cohesion. Failure occurs when 𝐹𝑀𝐶 ≥ 0. Note that when 𝑅𝑀𝐶 = 1,
the above become the Drucker-Prager yield criterion.

Here,

𝑅𝑀𝐶 = 1√
3 cos𝜙 sin(Θ + 𝜋

3 ) + 1
3 cos(Θ + 𝜋

3 ) tan𝜙 (2.71)
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Figure 2.34: Theoretical and Numerical Evidence of Supershear Transition Signature. a. & b. Domain that exceeds Drucker-Prager failure
criterion for a crack of uniform rupture velocity (a) and for a crack of non-uniform rupture velocity (b). Both cases show that the region of
potential damage shrinks as the rupture velocity 𝑣 approaches the Rayleigh wave speed 𝑐𝑅 . c. Changes in closeness to failure associated with
Drucker-Prager failure criterion, computed using 2D FDEM dynamic simulation including coseismic off-fault damage generated by the rupture
propagation (Okubo et al., 2019). d. Same as (c) but using an effective medium theory (Thomas & Bhat, 2018). The grey regions map the spatial
distribution of damage density that occurs during the entire event while the black field record the damage that takes place at the time at which
the Drucker-Prager failure criterion was computed. In both cases (c & d), regions of positive change are more likely to host fracture damage and
trigger future aftershocks. The transition from the sub-Rayleigh to the supershear regime is clearly denoted by a more localised and weaker stress
perturbation and a consequent gap in damage.
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Figure 2.35: Changes in the normal stress (the
first invariant of the stress tensor, 𝐼1, is shown
in the top panel) and shear stress (the second
invariant of the deviatoric stress tensor, 𝐽2, is
shown in the bottom panel), obtained from a
2D FDEM dynamic rupture simulation includ-
ing coseismic off-fault damage generated by
the rupture propagation. Sub-Rayleigh and Su-
pershear domains are denoted by black arrows
with their respectives rupture velocities, while
the damage gap is the region between the red
dashed lines. The earthquake is nucleated on
the left of the each figure and symbolized by a
yellow star. Coseismic off-fault damage is in-
dicated by the black lines located south of the
fault.

where 𝑟𝑠 = (9
2𝑠𝑖𝑗𝑠𝑗𝑘𝑠𝑘𝑖)

1
3
and Θ = 1

3 cos
−1 (𝑟𝑠

𝜏 )
3
.

The closeness to failure yields

Δ𝐶𝐹(x, 𝑡) = 𝐹𝑀𝐶(x, 𝑡)
𝐹 0

𝑀𝐶(x, 𝑡) − 1. (2.72)

Here𝐹 0
𝑀𝐶 is theMohr-Coulomb yield function for the initial, uniform, state

of stress. Failure is more likely to occur when Δ𝐶𝐹 > 0. (See Table S1 for
all the parameters used in the simulations).

During the supershear transition, the intensity and spatial extent of off-
fault damage drops (Figure. 2.34). In fact, while both the sub-Rayleigh and
the supershear segments present high fluctuations of the stress invariants 𝜎
and 𝜏 , the transitional region is clearly depleted in stress changes (Figures.
2.35,2.36).

This has been observed in experiments as well (Rosakis, 2002). Once
the rupture is over, we evaluate the damage pattern and the spatial varia-
tion of closeness to failure (Δ𝐶𝐹 ) resulting from the rupture. Regions with
positive values of Δ𝐶𝐹 are more likely to host fracture damage and trig-
ger future aftershocks. We see that the regions experiencing sub-Rayleigh
and full blown supershear regimes manifest high local stress fluctuations
(Figure. 2.34c). However, when the rupture is transitioning to supershear
speed, Δ𝐶𝐹 ∼ 0, and the spatial extent of the off-fault damage zone drops
dramatically.

The secondnumericalmodel accounts for off-fault damageusing amicro-
mechanics based effective constitutive law (Bhat et al., 2012; Thomas &
Bhat, 2018). This method reflects the micro-physics of damage evolution
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Figure 2.36: The same as previous except using
effective medium theory.

by relating damage density to the near-tip stress state and by computing the
corresponding dynamic changes of elastic properties in the medium due to
the presence of newly formed cracks.

Here, closeness to failure Δ𝐶𝐹 is simply derived using the Drucker-
Prager yield criterion:

Δ𝐶𝐹(x, 𝑡) = 𝐹𝑀𝐶(x, 𝑡)
𝐹 0

𝑀𝐶(x, 𝑡) − 1 with 𝐹𝑀𝐶 ≡ 𝜏 − 𝜎 tan𝜙, (2.73)

where tan𝜙 = 𝑓𝑠 = 0.6 is initial static friction coefficient. Failure is more
likely to occur when Δ𝐶𝐹 > 0.

The resulting off-fault damage density, which is directly affected by the
near-tip stress state, as illustrated by the Δ𝐶𝐹 , is also characterised by a
sudden shrinkage of the damage zone (Figure. 2.34d) during the supershear
transition.

We can thus confidently conclude that, irrespective of the constitutive
model to capture off-fault damage, one should expect a dramatic reduction
in the spatial extent of the off-fault damage around supershear transition.
This is due to the fundamental physical property, the so-called Lorentz con-
traction of the stress field, of a dynamic rupture approaching its limiting
speed.
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2.8 Scaling Relationship for Laboratory Earthquakes

Station (x,y)

(x,0)

θ

Nucleation (0,0) Transition (LT,0)

Shear Mach Front
x

y

Vr < CR Vr > Cs

Vr(x) 

Cs 

Figure 2.37: Problem Geometry

Consider the problem geometry shown in Fig. 2.37. We have a fault (hor-
izontal straight line) where the rupture nucleates at the origin and transi-
tions to supershear speed at 𝑥 = 𝐿𝑇 . The station is located at (𝑥, 𝑦). Let
𝑣𝑟(𝑥) be the rupture velocity history on the fault where 𝑣𝑟(𝑥) < 𝑐𝑅, the
Rayleigh wave speed, for 𝑥 < 𝐿𝑇 and 𝑣𝑟(𝑥) > 𝑐𝑠, the shear wave speed, for
𝑥 ≥ 𝐿𝑇 . Then the time taken for the rupture to arrive at (𝑥, 0) is simply:

∫
𝐿𝑇

0

𝑑𝑥
𝑣𝑟,𝑆𝑅(𝑥) + ∫

𝑥

𝐿𝑇

𝑑𝑥
𝑣𝑟,𝑆𝑆(𝑥) (2.74)

We have intentionally written the integral in the above form so that the sub-
Rayleigh (SR) and the supershear (SS) parts of the rupture are separated.

By the time the rupture arrives at (𝑥, 0) it is already supershear and has a
Mach front associated with it. Assuming that the rupture speed is constant
after transition, theMach front is straight and the speed of the normal to the
Mach front is the shear wave speed, 𝑐𝑠 (see figure above). As an aside, note
that if the rupture front accelerates or decelerates the Mach front is convex
or concave respectively and the speed of the normal to the local tangent of
the Mach front is still the shear wave speed. Thus the time taken for the
Mach front to reach the station is simply 𝑦 cos 𝜃/𝑐𝑠 where sin 𝜃 = 𝑐𝑠/𝑣𝑟,𝑆𝑆 .
Thus the time taken for the main rupture information to reach the station,
𝑡𝑆𝑆 , is given by

𝑡𝑆𝑆 = ∫
𝐿𝑇

0

𝑑𝑥
𝑣𝑟,𝑆𝑅(𝑥) + 𝑥 − 𝐿𝑇

𝑣𝑟,𝑆𝑆
+ 𝑦 cos 𝜃

𝑐𝑠
(2.75)

Lets now consider the time taken for the trailing Rayleigh pulse of a supers-
hear rupture to arrive at the station. We can imagine that this pulse existed
from the nucleation site and traveled at the speed of the main rupture until
transition point. From here on this pulse travelled exactly at the Rayleigh
wave speed, 𝑐𝑅. Also, lets assume that if the station is close to the fault then
the pulse arrives at (𝑥, 0) and the station (𝑥, 𝑦) simultaneously i.e. the time
taken for this pulse to arrive at the station (𝑥, 𝑦) is equal to the time taken
for it to propagate along the fault to a location that corresponds to the pro-
jection of the station on the fault plane, (𝑥, 0). Thus the time taken for this
pulse to reach the station (𝑥, 𝑦), 𝑡𝑅, is,

𝑡𝑅 = ∫
𝐿𝑇

0

𝑑𝑥
𝑣𝑟,𝑆𝑅(𝑥) + ∫

𝑥

𝐿𝑇

𝑑𝑥
𝑐𝑅

= ∫
𝐿𝑇

0

𝑑𝑥
𝑣𝑟,𝑆𝑅(𝑥) + 𝑥 − 𝐿𝑇

𝑐𝑅
(2.76)
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Hence, the difference in the rupture arrival time and the Rayleigh pulse
arrival time, Δ𝑡𝑆𝑆,𝑅 = 𝑡𝑅 − 𝑡𝑆𝑆 , is given by

Δ𝑡𝑆𝑆,𝑅 = 𝑥 − 𝐿𝑇
𝑐𝑅

− 𝑥 − 𝐿𝑇
𝑣𝑟,𝑆𝑆

− 𝑦
𝑐𝑠

√1 − 𝑐2𝑠
𝑣2

𝑟,𝑆𝑆
(2.77)

where cos 𝜃 = √1 − 𝑐2𝑠/𝑣2
𝑟,𝑆𝑆 . From here on we will drop the subscript 𝑆𝑆

and simply denote the supershear rupture velocity by 𝑣𝑟. Solving for 𝑥 we
obtain,

𝑥 = 𝐿𝑇 + 𝑐𝑠Δ𝑡𝑆𝑆,𝑅 + 𝑦√1 − 𝑐2
𝑠

𝑣2𝑟
( 𝑐𝑠

𝑐𝑅
− 𝑐𝑠

𝑣𝑟
)

−1
(2.78)

Define the following quantities,

tan𝛽 = ( 𝑐𝑠
𝑐𝑅

− 𝑐𝑠
𝑣𝑟

)(1 − 𝑐2
𝑠

𝑣2𝑟
)

−1/2

𝐿∗ = (𝐿𝑇 + 𝑐𝑠Δ𝑡𝑆𝑆,𝑅) tan𝛽 (2.79)

Rearranging eqn. (2.78) and using eqn. (2.79) we get a linear relationship
between 𝑥 and 𝑦 which is the locus of stations that give the same Δ𝑡𝑆𝑆,𝑅
given by

𝑦 = 𝑥 tan𝛽 − 𝐿∗ (2.80)

This locus consists of a pair of straight lines inclined at an angle ±𝛽 and

Station (x,y)

Nucleation (0,0)

Transition (LT,0)

Figure 2.38: Locus of stations with the same
∆𝑡𝑆𝑆,𝑅 assuming a fixed transition length
and constant supershear rupture velocity. �
is defined in eqn. (2.79).

intersecting the fault at 𝐿𝑇 + 𝑐𝑠Δ𝑡𝑆𝑆,𝑅 (See Fig. 2.38). To further con-
strain the above solutions we impose that geometric scaling is retained. It
is assumed that in both cases, Laboratory and Denali, the ratio of the fault
normal co-ordinate of the station, 𝑦, to the fault parallel distance relative to
the supershear transition location, (𝑥 − 𝐿𝑇 ), remain the same. That is

𝑦𝐷

(𝑥𝐷 − 𝐿𝐷
𝑇 ) = 3 𝑘𝑚

18 𝑘𝑚 = 𝑦𝐿

(𝑥𝐿 − 𝐿𝐿
𝑇 ) = 𝑆𝐿 (2.81)

Here the superscripts 𝐷 and 𝐿 correspond to the Denali Pump Station 10
(PS10) and the Laboratory Station respectively. Solving the above equation
with the equation for the locus, eqn. (2.80), we get the co-ordinates for the
experimental station.

𝑥𝐿 = 𝐿𝐿
∗ − 𝐿𝐿

𝑇 𝑆𝐿
tan𝛽𝐿 − 𝑆𝐿

; 𝑦𝐿 = 𝑆𝐿(𝑥𝐿 − 𝐿𝐿
𝑇 ) (2.82)



THEORY | 81

where

𝐿𝐿
∗ = (𝐿𝐿

𝑇 + 𝑐𝐿
𝑠 Δ𝑡𝐿

𝑆𝑆,𝑅) tan𝛽𝐿

tan𝛽𝐿 = ( 𝑐𝐿
𝑠

𝑐𝐿
𝑅

− 𝑐𝐿
𝑠

𝑣𝐿𝑟
)[1 − (𝑐𝐿

𝑠
𝑣𝐿𝑟

)
2
]

−1

(2.83)

To be very precise the above expressions determine a geometrically equiv-
alent station, in terms of the arrival times of the rupture and the trailing
Rayleigh, in a medium with different elastic properties than typical rock.
One needs to know, a priori, the transition length, 𝐿𝐿

𝑇 , for the experiment
(often set by a far field load level or by seeding transition by a stress pertur-
bation) and the difference in the arrival time, Δ𝑡𝐿

𝑆𝑆,𝑅.

The transition length in the laboratory is known as it is constructed by
design. To determineΔ𝑡𝐿

𝑆𝑆,𝑅 wemake the following temporal scaling argu-
ment. We start from the Denali PS10 record which provides the equivalent
time difference,Δ𝑡𝐷

𝑆𝑆,𝑅. This is now scaled temporally by ensuring that the
trailing Rayleigh signature in the laboratory experiment would match the
same in theDenali PS10 recordwhenmultiplied by an appropriate temporal
scaling factor. This requires some confidence in the constancy of the tem-
poral width of the trailing Rayleigh signature,Δ𝑡𝐿

𝑅, in the experiments. We
determine Δ𝑡𝐿

𝑅 to be 17.8𝜇𝑠 based on a series of past experiments which
indeed show trailing Rayleigh pulses of a remarkably consistent width at
near fault distances. Figure 3F of the main text indeed confirms a trailing
Rayleigh pulse (shaded in blue) width of 17.8 𝜇𝑠 as stated above. The cor-
responding value for Denali PS10 record, Δ𝑡𝐷

𝑅 is 6.9𝑠. Thus the temporal
scaling factor, 𝑆𝑇 , is

𝑆𝑇 = Δ𝑡𝐷
𝑅

Δ𝑡𝐿
𝑅

= 6.9𝑠
17.8𝜇𝑠 = 3.87 × 105 (2.84)

We can now use this temporal scaling factor to determine Δ𝑡𝐿
𝑆𝑆,𝑅 based

on the corresponding value for Denali PS10 i.e. Δ𝑡𝐿
𝑆𝑆,𝑅 = Δ𝑡𝐷

𝑆𝑆,𝑅/𝑆𝑇 .
Substituting this into first equation of eqn. (2.83) one now obtains,

𝐿𝐿
∗ = (𝐿𝐿

𝑇 +
𝑐𝐿

𝑠 Δ𝑡𝐷
𝑆𝑆,𝑅

𝑆𝑇
) tan𝛽𝐿 (2.85)

Substituting this into eqn. (2.82) along with 𝐿𝐿
𝑇 = 39mm, 𝑐𝐿

𝑠 = 1.28km/s,
𝑐𝐿

𝑅 = 0.92𝑐𝐿
𝑠 and 𝑣𝐿

𝑟 = 1.7𝑐𝑠 one obtains (𝑥𝐿, 𝑦𝐿) = (57, 3)mm. Once
the experimental records are obtained they are then subjected to temporal
scaling using the relation, 𝑡𝑠𝑐𝑎𝑙𝑒𝑑 = 𝑡𝐿 × 𝑆𝑇 .

2.9 Mach Envelopes for Arbitrary Ruptures

Consider a family of curves represented in the form

𝐺(𝑥, 𝑦, 𝑐) = 0 (2.86)

For example𝐺 ≡ (𝑥−𝑐)2+𝑦2 = 𝑎2 represents a family of circles of radius 𝑎
whose center is offset from the origin by an amount 𝑐. Our goal is to find an
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envelope 𝔼(𝑥, 𝑦) such that at each point of 𝔼, say (𝑥, 𝑦), there is a member
of the family 𝐺 that touches 𝔼 tangentially. In other words, for each point
𝔼(𝑥0, 𝑦0) there is a value of 𝑐 = 𝑐0 (say) such that

𝐺(𝑥0, 𝑦0, 𝑐0) = 0 (2.87)

Thismeans that the envelope can be represented parametrically as𝔼[𝑥(𝑐), 𝑦(𝑐)].
Differentiating eqn. 2.86 with respect to 𝑐 we get

(𝜕𝐺
𝜕𝑥 ) (𝜕𝑥

𝜕𝑐 ) + (𝜕𝐺
𝜕𝑦 ) (𝜕𝑦

𝜕𝑐 ) + (𝜕𝐺
𝜕𝑐 ) = 0 (2.88)

For a particular curve in the family𝐺, the parameter 𝑐 is a constant. Differ-
entiating eqn. 2.86 with respect to 𝑥 we get

(𝜕𝐺
𝜕𝑥 ) + (𝜕𝐺

𝜕𝑦 ) ( 𝜕𝑦
𝜕𝑥) ∣

𝑐=𝑐0

= 0 (2.89)

For the envelope 𝔼,

𝜕𝑦
𝜕𝑥 =

(𝜕𝑦
𝜕𝑐 )

(𝜕𝑥
𝜕𝑐 )

(2.90)

At the point of tangency, the envelope and the corresponding curve of
the family have the same slope. Therefore combining eqns. 2.89 and 2.90
we get

(𝜕𝐺
𝜕𝑥 ) (𝜕𝑥

𝜕𝑐 ) + (𝜕𝐺
𝜕𝑦 ) (𝜕𝑦

𝜕𝑐 ) = 0 (2.91)

Compare this with eqn. 2.88. We immediately conclude that

𝜕𝐺
𝜕𝑐 = 0 (2.92)

Thus the equation of the envelope, 𝔼[𝑥(𝑐), 𝑦(𝑐)], is given by simultaneously
solving

𝜕𝐺
𝜕𝑐 = 0 and 𝐺(𝑥, 𝑦, 𝑐) = 0 (2.93)

for 𝑥 and 𝑦 as a function of 𝑐.

For example, let𝐺(𝑥, 𝑦, 𝑐) ≡ (𝑥−𝑣𝑟𝑡)2+𝑦2−(𝑐𝑠𝑡)2 = 0 ; 𝑡 ∈ (0, ∞]. This
is the case of a particle moving at a speed 𝑣𝑟 along the positive 𝑥 axis and
this particle emits a signal at speed 𝑐𝑠 into the medium. Then 𝜕𝐺/𝜕𝑡 =
0 ⇒ 𝑥 − 𝑣𝑟𝑡 = −𝑐2

𝑠𝑡/𝑣𝑟. Plugging this into 𝐺(𝑥, 𝑦, 𝑐) = 0 we get 𝑦2 =
𝑐2

𝑠𝑡2 (1 − 𝑐2
𝑠/𝑣2

𝑟).

Clearly, when 𝑣𝑟 < 𝑐𝑠 the equation has only imaginary solutions. In
otherwords there is no envelope. When 𝑣𝑟 ≥ 𝑐𝑠 wehave 𝑦 = ±𝑐𝑠𝑡√1 − 𝑐2𝑠/𝑣2𝑟
; 𝑥 = 𝑣𝑟𝑡 (1 − 𝑐2

𝑠/𝑣2
𝑟). If we set 𝑐𝑠/𝑣𝑟 = sin 𝜃, where 𝜃 is the Mach angle,

then the co-ordinates of theMach envelope at any given time 𝑡∗ > 0 is given
by (𝑥, 𝑦) ≡ (𝑣𝑟𝑡 cos2 𝜃, ±𝑐𝑠𝑡 cos 𝜃) ; 𝑡 ∈ (0, 𝑡∗].



3
EXPERIMENTS

3.1 Caltech Laboratory Earthquake Experiment

The first recorded high speed images of a supershear rupture were reported
by Lambros&Rosakis (1995) following a series of dynamic shear impact ex-
periments conducted on PMMA/4340 steel-edge cracked bimaterial plates.
Coherent gradient sensor (CGS) interference patterns revealed an interfa-
cial shear crack propagating with very high crack-tip speeds approaching
1.5𝐶𝑃𝑀𝑀𝐴

𝑅 . The technique was continuously refined and applied to nu-
merous dynamic shear impact investigations of homogeneous and bima-
terial systems (Coker & Rosakis, 2001; Coker et al., 2003; Kavaturu et al.,
1998; Rosakis et al., 1998, 1999; Samudrala & Rosakis, 2003; Singh et al.,
1997).

Research efforts subsequently shifted from dynamic shear impact stud-
ies to the investigation of spontaneously-nucleated mode II ruptures in an
effort to emulate natural earthquake ruptures. This in turn prompted the
development of the ”laboratory earthquake” experiment (LEQ) by Xia et al.
(2004, 2005b).

The traditional LEQexperiment features a transparent, 150𝑚𝑚 x 150𝑚𝑚
square test specimen formed by two statically compressed, 10𝑚𝑚 thick,
quadrilateral sections of Homalite-100, a linear elastic, and stress birefrin-
gent polymer. The mating surfaces are each initially polished to a flat,
and nearly optical-grade surface finish in order to remove all machining
induced surface defects. The surfaces are then uniformly roughened to
nominal rms surface roughness of 1.5𝜇𝑚 using a prescribed and repeatable
micro-bead blasting procedure. The frictional interface inclined by an an-
gle (𝛼), which is formed by the mated surfaces of the statically-compressed
test sections, is designed to mimic a tectonic fault within the Earth’s crust.

The H-100 LEQ test specimen is initially subjected to a static, compres-
sive “far-field” stress 𝜎0 using a hydraulic mechanical press such as the one
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pictured in Figure 3.1. The applied static compressive load (𝜎0) translates
into a normal traction

𝜎0
22 = 𝜎0 cos2 𝛼 (3.1)

and resolved shear traction

𝜎0
21 = 𝜎0 sin𝛼 cos𝛼 (3.2)

along the inclined frictional fault plane. Interfacial sliding is initially pre-
vented by virtue of the fact that the resolved shear stress does not exceed
the peak (static) frictional strength 𝜏𝑝=𝑓𝑠𝜎0

22 of the interface, where 𝑓𝑠 rep-
resents the static coefficient of friction.

The rupture nucleation procedure relies upon the rapid ablation of a thin
NiCr wire filament (diameter ≈ 80𝜇𝑚). The wire filament is fed through
a small hole formed by two mating semicircular cylindrical cavities, which
aremachined into themating surfaces and alignedwith the thickness direc-
tion. A spontaneous, mode II, bilateral rupture is nucleated by discharging
a capacitor bank and directing a surge of current to pass through the NiCr
wire filament. The resulting plasma discharge induces a momentary re-
duction of the local normal traction 𝜎0

22 while ejected material spreads out
across a characteristic patch length ranging in size from 1cm - 1.5 cm. Af-
ter a short nucleation time on the order of 4.4𝜇𝑠, the applied shear traction
𝜎0

21 overcomes the local static frictional strength and a mode II bilateral
rupture is nucleated. The relative orientation of the frictional fault plane
(i.e., whether 𝛼 > 0 or 𝛼 < 0 ) determines whether a right-bilateral or
left-bilateral rupture is nucleated.

Figure 3.1 depicts a recent configuration of the LEQ experiment. A well
collimated and expanded laser is passed through the H-100 LEQ specimen
as shown. The transmitted light beam is processed by a dark field photoe-
lastic polariscope configuration to yield photoelastic fringe patterns, which
are imaged by a pair of ultra-high speed gated intensified cameras. The
recorded interference fringes correspond isocontours of 𝜎1−𝜎2 = 𝐶 , where
𝜎1 is the maximum principal stress and 𝜎2 corresponds to the minimum
principal stress under the assumption of plane stress. Fringesmay be equiv-
alently interpreted as contour maps of the maximum shear stress field, i.e.,
2𝜏𝑚𝑎𝑥 = 𝐶. Spatially-resolved images of the propagating rupture tip and
its surrounding stress field are revealed.

A unique advantage of the LEQ experiment is the flexibility it offers
to spontaneously nucleate sub-Rayleigh or supershear ruptures depending
upon the initial static compressive load (𝜎0), frictional fault angle (𝛼), and
other properties such as the rms surface roughness and cohesion of the fault
surfaces.

The photoelastic image in Figure 3.2(a) depicts two sub-Rayleigh rup-
tures; a right-lateral/left-traveling rupture and a right-lateral/ right travel-
ing rupture, both of which emerged from the spontaneous nucleation of a
right-bilateral rupture at (0, 0). The dark shadow cast by an electrical ”al-
ligator clip” and connecting lead wire is visible at the nucleation site. The
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   Figure 3.1: Laboratory earthquake (LEQ) experimental configuration featuring high-speed gated intensified cameras with integrated dark field
polariscope for full-field visualization of photoelastic interference patterns. Three fiber-optic laser vibrometers enable simultaneous monitoring of
the in-plane and out-of-plane surface velocity components (𝑢̇1, 𝑢̇2, 𝑢̇3) at fixed locations on the surface of the H-100 test specimen.
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Figure 3.2: (a) High-speed photoelastic im-
age of a right-bilateral sub-Rayleigh rupture
and expanding s-wave front resulting from the
right-lateral rupture of an H-100 laboratory
earthquake specimen. (b) Right-bilateral su-
pershear rupture characterized by prominent
shear Mach fronts. The trailing sub-Rayleigh
ruptures are also visible in the wake of each su-
pershear rupture.

photoelastic fringe pattern reveals the concentrated sub-Rayleigh rupture
tips and stress field lobes, which extend to either side of the fault plane.
The circular arc of a nucleated S-wavefront is also clearly visible and high-
lighted within the image.

The photoelastic image in Figure 3.2(b) depicts a pair of supershear rup-
tures; a right-lateral/left traveling rupture and a right-lateral/right travel-
ing rupture, each of which spontaneously transitioned at an earlier time
from the corresponding trailing sub-Rayleigh ruptures, which are noted in
the image. The dark shadow cast by the electrical ”alligator clip” and con-
necting lead wire is visible at the nucleation site, where the original right-
bilateral rupture was nucleated. The supershear rupture tips, leading di-
latational field lobes, shear shear Mach fronts, and trailing sub-Rayleigh
ruptures are all clearly revealed and noted within the image along with the
circular arc of a nucleated S-wavefront.

Xia et al. (2004) successfully applied the LEQ experiment in combination
with dynamic photoelasticity to record the frame-by-frame evolution of a
spontaneously nucleated sub-Rayleigh-to-supershear rupture transition for
the very first time. This was followed by a detailed experimental characteri-
zation of the sub-Rayleigh-to-supershear transition distance (𝐿) and the es-
tablishment of an empirical relationship 𝐿 ∝ 𝜎−3/2

0 , which was interpreted
within the context of a critical crack length criterion and an assumed linear
slip-weakening friction relation with a pressure dependent slip weakening
distance (𝐷𝑐) (Rosakis et al., 2006, 2007; Xia et al., 2004, 2005a,b).

In the years which immediately followed, the LEQ experiment was ap-
plied to the investigation of supershear rupture propagation along bi-material
interfaces and to studies on the effects of off-fault damage (Bhat et al., 2010;
Biegel et al., 2010; Griffith et al., 2009).
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Measurement diagnostics were later expanded to include focusing, fiber-
optic laser vibrometers to record temporally-resolved waveforms of the in-
plane particle velocity components at fixed points of interest on the surface
of the test specimen. The application of laser vibrometers to the measure-
ment of in-planemotion componentswas actually first applied byLykotrafi-
tis & Rosakis (2006a,b) and Lykotrafitis et al. (2006) to measure the interfa-
cial sliding speed in the dynamic shear impact investigations of bimaterial
frictional interfaces. Lu (2009) and Lu et al. (2007, 2010) subsequently ap-
plied the technique to LEQ investigations of sub-Rayleigh and supershear
slip pulses in LEQ experiments.

The red arrows in Figure 3.2(a,b) depict how laser vibrometer beams are
focused at an off-fault field point in order to record the in-plane particle ve-
locity components (𝑢̇1, 𝑢̇2) as the propagating rupture field sweeps themea-
surement station. The fiber-optic laser vibrometers configuration depicted
in Figure 3.1 were used in a more recent study in order to simultaneously
record temporally-resolvedwaveforms of the in-plane particle velocity com-
ponents (𝑢̇1, 𝑢̇2) and the out-of-plane motion(𝑢̇3) at fixed locations on the
surface of the H-100 test specimen Mello et al. (2014).

New H-100 specimen frictional fault configurations have also been de-
veloped and implemented in recent years, which emulate partially locked
strike-slip faults andnormal thrust faultswithin theEarth’s crust (Gabuchian
et al., 2014, 2017;Mello et al., 2014). Recentwork byRubino et al. (2017) has
lead to the development of new high-speed imaging techniques such as 2D
image correlation for the direct measurement of displacement, strain, and
particle velocity fields in LEQ experiments. Constitutive relationships nat-
urally lead to the full-field characterization of stress which should extend
the applicability of the LEQ experiment to numerous, new, and challenging
problems wtihin the field of seismology.

Laser Vibrometer Configurations in Current LEQ Experiments

The three primary laser vibrometer configurations, which were adopted in
our investigations are depicted in Figure 3.3. Figure 3.3a depicts the FN:FP
probe beam configuration used for simultaneous measurement of the FN
and FP velocity components at a point. The red lines in each figure de-
pict how the FN and FP laser vibrometer beams were directed at nearly
grazing incidence to the specimen surface, and focused to a nominal spot
size of ≈ 150 𝜇𝑚 at a field point, herein referred to as the “measurement
station”. Figure 3.3b depicts the FN:FN configuration used for simultane-
ous measurement of FN velocity components at a pair of -on and off-fault
field points. The probe beams are focused at two distinct points, which are
vertically separated along the FN direction, as shown. Figure 3.3c depicts
the FP:FP configuration used for simultaneousmeasurement of FP velocity
components at a pair of -on and off-fault field points. The two probe beams
are now focused at two distinct points, which are horizontally separated
along the FP direction, as shown.
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Figure 3.3: Laser vibrometer configurations:
(a) (FN:FP) for simultaneous measurement of
FN and FP velocity components at a point. (b)
(FN:FN) for simultaneous measurement of FN
velocity components at a pair of -on and off-
fault field points. (c) (FP:FP) for simultaneous
measurement of FP velocity components at a
pair of -on and off-fault field points. (d) Use of
retro-reflective tape corner for efficient scatter-
ing of focused laser beam.

Figure 3.3d depicts how a small (3𝑚𝑚×4𝑚𝑚) rectangular strip of retro-
reflective tape (3M™Scotchlite™), is adhered to the surface of the test spec-
imen, with its upper left corner coincident with the field point (𝑥1, 𝑥2).
Laser vibrometer beams are focused at a corner of the retro-reflective tape
strip (along the edge), as shown. Focused laser light is efficiently scat-
tered by the retro-reflective tape and collected by each respective fiber-optic
probe. The collected light is directed by optical fiber to the Polytec model
OFV-511 and model and OFV-551 heterodyne interferometers, which are
visible in the lower left corner of Figure 3.3a.

Laser vibrometer beams are each initially focused and aligned in order
to maximize the interference signal as reported by the Polytec model OFV-
511 and model and OFV-551 heterodyne interferometer modules. Practical
considerations require a small of angle of incidence (𝜃𝑖 ≈ 5∘−10∘), between
the incident probe and beam and the plane of the specimen surface. Veloc-
ity measurement errors introduced by this slight departure from grazing
incidence are negligible since the frequency content of the resulting inter-
ferometer signal scales with cos 𝜃𝑖. Amplified photodetector signals from
the OFV-511 and OFV-551 interferometer modules are then directed to a
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Polytec OFV-5000modular controller (not depicted) where the interference
signals are processed and converted into particle velocity waveforms. Con-
tinuous particle velocity records in the form of an analog voltage signal, are
then output by a BNC cable to a Tektronix DPO3034, digital oscilloscope
where the signals are acquired and displayed. The acquired voltage signals
are then converted into the final particle velocity records through a linear
scaling factor (1𝑉 = 1𝑚/𝑠).

High-Speed Configuration in Current LEQ Investigations

A 16-frame high-speed image sequence is obtained during each experiment
by the pair of Cordin model 220 gated-intensified cameras depicted in Fig-
ure 3.1. The high-speed cameras are carefully aligned and focused so as to
yield sharp images of the test specimen surface and the superimposed pho-
toelastic interference pattern corresponding to the initial static compres-
sive load. Cameras are typically set to record images at inter-frame times
of 1 − 4𝜇𝑠, with a fixed exposure time setting of 50𝑛𝑠. A common elec-
trical trigger derived from the rupture nucleation circuit ensures that the
recorded image sequence is synchronized with the laser vibrometer wave-
forms recorded by the oscilloscope. Spatially-resolved images of dynami-
cally evolving photoelastic fringe patterns reveal prominent features such
as the propagating rupture zone, expanding P-wave and S-wave fronts, sub-
Rayleigh field lobes, and supershear Mach fronts, as depicted in Figure
3.2a,b. Pronounced velocity changes at specific times in the recorded par-
ticle velocity waveforms are directly correlated to the arrival of these noted
features at the measurement station.

Investigationof Sub-RayleighandSupershearRuptureVelocityWave-
form Signatures using using the (FN:FP) Laser Vibrometer Config-
uration

LEQexperiments depicted inFigure 3.4 conductedusing 150𝑚𝑚×150𝑚𝑚×
10𝑚𝑚H-100 LEQ test specimens with a frictional fault plane inclined at an
angle 𝛼 = −29∘ with respect to the horizontal. The pair of high-speed im-
ages and corresponding particle velocity waveforms depicted in Figure 3.4
contrast the results obtained from two independent laboratory earthquake
experiments, one of which yielded a sub-Rayleigh rupture and the other,
which resulted in a supershear rupture. In each case, the rupture nucle-
ation process resulted in a right-bilateral rupture at the point labeled (0, 0).
The expanded, illuminating laser beamwas intentionally biased to favor the
left side of the specimen in order to image the left-traveling rupture. The
primary region of interest, located between the rupture nucleation site at
(0, 0)𝑚𝑚 and the measurement station at (−55, 10)𝑚𝑚, is well-centered
within each FOV.

The FN and FP particle velocity waveforms in Figure 3.4 are both plotted
out to 𝑡 = 65 𝜇𝑠. The red triangles denote the time (𝑡 = 41𝜇𝑠) at which the
displayed photoelastic imageswere acquired. The dashed blue vertical lines
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Figure 3.4: Sub-Rayleigh rupture experiment
(exp 0952) with high-speed image and cor-
responding particle velocity waveforms (left),
contrasted against a supershear rupture ex-
periment (exp 0947) with high-speed image
and corresponding particle velocity waveforms
(right).

labeled 𝑡𝑝 and 𝑡𝑠 in the particle velocity plots mark the anticipated arrival
times of the nucleated P-wave and S-wave fronts at themeasurement station
positioned at (−55, 10)𝑚𝑚. The dashed blue vertical lines labeled 𝑡𝑠𝑅 in
each plot mark the anticipated arrival time of the sub-Rayleigh (sR) rupture
in exp 0952 and the arrival time of the trailing sub-Rayleigh rupture in exp
0947. The dashed blue vertical line labeled 𝑡𝑀𝑎𝑐ℎ in the supershear particle
velocity record marks the anticipated arrival of the shear Mach front at the
off-fault measurement station (−55, 10)𝑚𝑚.

In the case of the sub-Rayleigh rupture experiment (exp 0952), the LEQ
specimen was subjected to a static compressive load of 𝜎0 = 12MPa. The
propagating sR rupture tip in exp 0952, coincides with a dark, concentrated
caustic zone positioned just behind the faint circular outline of the expand-
ing S-wave front. Prominent, symmetric field lobes radiate from the rupture
tip and extend to either side of the fault.

A detailed examination of the photoelastic image sequence and the par-
ticle velocity records from the sub-Rayleigh rupture experiment (exp 0952)
confirms that the segment 𝐷 → 𝐸 in the FN wave form directly correlates
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with the time during which the extended sub-Rayleigh rupture field lobe
swept through the off-fault measurement station located at (−55, 10)mm.
TheFNcomponent also dominates inmagnitude over theFP velocity changed
during this time interval, as expected for a sub-Rayleigh rupture. Further-
more, the sign of the velocity swings corresponding to the segment labeled
𝐷 → 𝐸 are also consistent with the anticipated sense of particle motion
induced by the upper field lobe of a right-lateral/left-traveling sub-Rayleigh
rupture as it sweeps this location. The latter observation is readily verified
by examining the FP and FN components of the streak plot vectors within
the sub-Rayleigh field lobe of the left-traveling rupture in Figure 2.15.

In the case of the supershear experiment (exp 0947), the static, compres-
sive load was doubled to 𝑃 = 24MPa in order to initiate a sR to SS rupture
transition along the fault segment (−55𝑚𝑚 < 𝑥 < 0𝑚𝑚). The supers-
hear rupture tip in the right-hand image of Figure 3.4 is flanked by promi-
nent shear Mach fronts, which extend to either side of the fault plane. An
expanded view of the image also reveals a localized fringe concentration,
positioned just ahead of the supershear rupture tip, which coincides with
the leading dilatational field lobe. A trailing sub-Rayleigh rupture with ex-
tended field lobes is also clearly visible and labeled in the image along with
the faint circular outline of an expanding S-wave front.

The corresponding particle velocity waveforms from exp 0947 resulted
as the dilatational field lobe, shear Mach front, and the extended field lobe
of the trailing sub-Rayleigh rupture swept past the measurement station lo-
cated at (−55, 10)mm. A detailed examination of the photoelastic image se-
quence and the particle velocitywaveforms from the supershear experiment
confirms that the segment𝐴 → 𝐵 in the FP wave form and𝐴′ → 𝐵′ in the
FN wave form correlate with the time during which the dilatational field
lobe swept past the off-fault measurement station located at (−55, 10)mm.
The observed positive swing in the FP wave form and corresponding nega-
tive swing of the FNwave form during this time interval are both consistent
with the predicted sense of particle motion within the upper dilatational
field lobe of a right-lateral/left-traveling supershear rupture. This is readily
verified by carefully examining with the direction of the FP and FN com-
ponents of the streak plot vectors within the light green shaded portions of
the corresponding dilatational field lobe in Figure 2.14.

The segments labeled 𝐵 → 𝐶 in the FP wave form and the segment la-
beled 𝐵′ → 𝐶′ in the FN wave form correlate with the arrival of the shear
Mach front at the off-fault measurement station located at (−55, 10)mm.
The FP velocity jump clearly dominates in magnitude over the correspond-
ing jump in FN velocity wave form, as predicted in the case of a stable su-
pershear rupture. Moreover, the sharp, positively-sloped velocity jumps
in the FP and FN waveforms during this time interval are also consistent
with the predicted sense of motion along the shearMach front from a right-
lateral/left-traveling supershear rupture, on the extensional (upper left) side
of the fault. This result is directly verified by appealing to Figure 2.3b or by
direct comparison to the FP and FN components of the streak plot vectors
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aligned along the corresponding shear Mach front in Figure 2.14.

We draw attention to the striking similarities between the synthetic FP
waveforms depicted in Figure 2.2 and the experimental FPwaveform in Fig-
ure 3.4. We note that the synthetic curves in Figure 2 represent the sense
of motion resulting from a right-lateral/right-traveling rupture within the
upper right (compressional) side of the frictional fault and that the exper-
imental record pertains to a right-lateral/left-traveling rupture. Nonethe-
less, the visual comparison between the synthetic waveform signatures in
Figure 2.2 and the velocity records obtained in exp 0947 remains valid since
the same sense of particle motion is expected from the FP component of a
left-traveling supershear rupture on the extensional (upper left) side of the
fault. This is readily verified by appealing to Figure 2.3b or by examining
the the velocity vector field plot for the left-traveling rupture portrayed in
Figure 2.14. The sense of motion exhibited by the FN velocity component
in exp 0947 is also reconciled in a similar manner.

We must also acknowledge that the scale of the axes between the syn-
thetic and experimental waveforms cannot be correlated since the synthetic
curves are derived from the singular elastic solution, which lacks an inher-
ent physical length scale. Nonetheless, The FP waveform recorded in exp
0947 embodies the distinct and fundamental velocity waveform signatures,
which are characteristic of a supershear dislocation field, i.e., the initial FP
velocity swing induced by the leading dilatational field lobe and the sharp
step-like velocity jump attributed to the shear Mach front which immedi-
ately follows. Indeed, these are universal features, which are embodied by
all supershear velocity waveforms, which are always observed, regardless
of the governing length scale and underlying frictional law.

Finally, the FP andFNvelocity components in the supershear records ex-
hibit a precipitous drop following the passage of the shear Mach front and
remain quiescent for a short period until the arrival of the trailing Rayleigh
rupture, which coincides segment 𝐷′ → 𝐸′ in the FN waveform from. We
note the strong resemblance between this segment of the supershear record
and the segment labeled 𝐷 → 𝐸 in the FN waveform of the sub-Rayleigh
experiment (exp 0952), attributed to the sub-Rayleigh rupture as it swept
the off-fault measurement station. The dominance of FN component over
the FP component exhibited by segment segment 𝐷′ → 𝐸′ in the super-
shear record and the observed sense of motion during this time interval is
consistent with the predicted sense of particle motion induced by the upper
field lobe of a right-lateral/left-traveling trailing sub-Rayleigh rupture at an
off-fault station on the upper (extensional) side od the fault plane. This is
readily confirmed by examining the vector field plots of the corresponding
trailing sub-Rayleigh field lobe in Figure 2.14.
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Figure 3.5: Displacement-time plots corre-
sponding to the sub-Rayleigh and supershear
experiments. Colored dots represent data
points obtained from the analysis of photoelas-
tic images. The intersection between the su-
pershear rupture “best-fit line” and the S-wave
“best-fit line” provides a precise estimate for
the location and time of the sub-Rayleigh-to-
supershear transition.

Experimental Estimates of the Average Rupture Speeds and Elastic
Wavespeeds in Sub-Rayleigh and Supershear Rupture Experiments

Figure 3.5 depicts distance-timeplots corresponding to the elasticwave fronts
and propagating ruptures observed in exp 0947 and exp 0952, which were
contrasted in the previous section. Distance is taken to be positive in the
plots for the sake of convenience even though the station was actually lo-
cated at (−55, 10)𝑚𝑚. The colored circular symbols represent the actual
data points obtained through a frame-by-frame analysis of the rupture tip
and elastic wavefront positions using well-documented procedures as out-
lined inMello et al. (2010). Dashed lines passing through the circle symbols
represent a best linear curve fit to the raw data. A linear equation describ-
ing the best-fit line is displayed beside each respective curve. The excellent
linear fit observed in each case reveals how steady the elastic-wave and rup-
ture speeds remained throughout the duration of the experiments.

Analysis of the elastic wave speeds and rupture propagation speeds using
the sub-Raylleigh high-speed images from exp 0952 yielded an estimated P-
wave speed of 𝑐𝑝 = 2.53𝑚𝑚/𝜇𝑠 (slope of the dashed green line), S-wave
speed 𝑐𝑠 = 1.28𝑚𝑚/𝜇𝑠 (slope of the dashed red line). An average sub-
Rayleigh rupture speed ̄𝑣𝑟 = 1.12𝑚𝑚/𝜇𝑠, corresponding to ̄𝑣𝑟/𝑐𝑠 = 0.875,
is obtained from the slope of the best fit line (dashed blur line). The dashed
violet line labeled “near-field” disturbance corresponds to a propagating
front, which is observed to propagate at the dilatational wave speed and
is often observed in photoelastic images as a faint, expanding circular front.
Extrapolation of this curve back to the time axis reveals that it was released
well after rupture nucleation, which suggests that it is very likely a relic of
rupture nucleation related to the dilatational contraction of the cylindrical
cavity, which surrounds the Nic Cr wire.

A similar analysis applied to the photoelastic image sequence correspond-
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ing to the supershear experiment (exp 0947) yielded a P-wave speed es-
timate of 𝑐𝑝 = 2.56𝑚𝑚/𝜇𝑠, (slope of the dashed green line), and an S-
wave speed estimate of 𝑐𝑠 = 1.28𝑚𝑚/𝜇𝑠, (slope of the dashed red line).
An average sub-Rayleigh rupture speed ̄𝑣𝑟 = 1.16mm/𝜇𝑠, corresponding to
̄𝑣𝑟/𝑐𝑠 = 0.903, is obtained from the slope of the best fit line (blue dashed

Figure 3.6: Expanded view of supershear rup-
ture field with measured Mach front angles
for determination of instantaneous supershear
rupture speed.

blue line). We note the speed of the sub-Rayleigh rupture retained this
value both before and after the supershear transition. An average super-
shear rupture speed of ̄𝑣𝑠𝑠 = 2.27𝑚𝑚/𝜇𝑠, corresponding to ̄𝑣𝑠𝑠/𝑐𝑠 = 1.77,
is directly inferred from the slope of the best-fit line (dashed violet line).
The intersection of the S-wave curve and the supershear rupture curve at
(17.8𝑚𝑚, 18.2 𝜇𝑠) provides a precise estimate for the location and time of
the sub-Rayleigh-to-supershear transition.

The S-wave, P-wave, and sub-Rayleigh rupture curves in Figure 3.5 ex-
trapolate back to a set of closely spaced points, which intercept the time
axis. The time axis intercepts reveal an inherent rupture delay time between
the instrumentation trigger (𝑡 = 0) (when the oscilloscope and high-speed
camera are triggered), and the time at which elastic waves were first emit-
ted from the rupture nucleation site. The noted time delay is repeatedly
observed in LEQ experiments and is related to the rupture nucleation pro-
cess, as opposed to being an artifact of the electronic diagnostics. A slight
difference between the S- and P-wave curve time axis intercepts is attributed
to the increased measurement uncertainty of the P-wave measurements.
The time axis intercept for the sub-Rayleigh rupture curve is not physically
meaningful since the rupture tip is never located at the origin, but is instead
initiated at a critical-crack-length distance located to the left and right of the
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origin. The S-wave time axis intercept is thus regarded as the most trust-
worthy estimate of the rupture nucleation time. Measurements obtained
from 49 independent laboratory earthquake experiments have yielded an
average S-wave delay time of 4.449 𝜇𝑠 ± 0.047 𝜇𝑠. The rupture delay time
is determined in each experiment and taken into account when calculat-
ing the predicted P-wave and S-wave arrival times in relation to the rupture
arrival times in the recorded particle velocity waveforms.

Determinationof the InstantaneousSupershearRupture Speed from
Mach Angle Measurements

Figure 3.6 corresponds to an expanded view of the photoelastic image ac-
quired at time 𝑡 = 41 𝜇𝑠 during the supershear experiment (exp 0947). An
independent estimate of the instantaneous supershear rupture speed is ob-
tained by measuring the shear Mach angle and applying the familiar Mach
cone half-angle relation Eq. 2.1, which is restated here for the sake of con-
venience.

sin 𝜃 = 𝑐𝑠/𝑣𝑠𝑠 (3.3)

Sharp cusps in the fringe pattern, such as those labeled in Figure 3.6 re-
veal the location of the steepest stress gradient and thus provide a natural
fiducial for extending a line from the rupture tip when estimating theMach
angle. Lines were drawn from the supershear tip to each of the sharp cusps
highlighted in Figure 3.6 in order to estimate the shear Mach angle. Mach
angle measurements of 𝜃1 = 33.75∘ and 𝜃2 = 33.97∘. A measurement
uncertainty of ±0.25∘ in the measurement of the Mach angle translates to
an error bound of ±0.01 in the normalized rupture speed estimate. Ap-
plication of Eq. 3.3 to the average value of these two values yields an in-
stantaneous normalized rupture speed estimate of 𝑣𝑠𝑠/𝑐𝑠 = 1.79 ± 0.01,
(𝑣𝑠𝑠 = 2.29 ± 0.01𝑚𝑚/𝜇𝑠), which is in excellent agreement with the av-
erage supershear rupture speed estimate (𝑣𝑟/𝑐𝑠)𝑎𝑣𝑒 = 1.77 as determined
from the slope of the best-fit line in Figure 3.5.

Investigation of Crack-like and Pulse-like sub-Rayleigh Rupture Ve-
locityWaveforms using using the (FN:FP) Laser Vibrometer Config-
uration

A series of sub-Rayleigh rupture experiments were conducted using the
FP:FN fiber-optic probe configuration depicted in Figure 3.3a. Simultane-
ous FN and FP particle velocity records were obtained at various distances
from the fault as a sub-Rayleigh rupture and its surrounding field swept past
the measurement station. A synchronized, photoelastic image sequence of
the event was also obtained using high-speed photography. The location
of the sub-Rayleigh rupture tip and extended field lobes identified in high-
speed images frames are correlated to the observed velocity swings exhib-
ited by each particle velocity component.

We now present and contrast the results obtained from two indepen-
dent sub-Rayleigh rupture experiments. The two experiments presented
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Figure 3.7: (a) Photoelastic image of a right-
lateral/left-traveling sub-Rayleigh rupture ap-
proaching an on-fault particle velocity mea-
surement station located at (−55, 0)𝑚𝑚. (b)
Sub-Rayleigh rupture at 𝑡 = 53𝜇𝑠with emerg-
ing supershear secondary crack and the on-
set of a supershear transition. (c) Recorded
particle velocity waveforms with leading dis-
turbance attributed to the emergence of a sec-
ondary supershear crack trailed by the sub-
Rayleigh segment characterized by a dominant
FN component.

here resulted in uniquely different rupture profiles even though the same
static compressive load of 𝜎0 = 19𝑀𝑃𝑎 was applied in each case. In the
first experiment (exp 0942), the resulting particle velocity waveforms reveal
the signature of a crack-like sub-Rayleigh rupture and the emergence of a
secondary supershear (daughter) crack coincident with the location of the
leading S-wave front. In the second experiment (exp 0943), the recorded ve-
locity waveforms reveal the signature of a pulse-like sub-Rayleigh rupture
with no evidence of a supershear transition.

The contrasting results between these two seemingly identical experi-
ments were likely driven by slight variations in the curvature of the mated
fault surfaces, which in turn lead to non-uniformities of the normal and
shear stress distributions along the fault plane. Although not by design, the
observed variability in the experimental results mimics the unpredictability
and variability of natural earthquake events, which are often modulated by
stress heterogeneities within natural crustal faults.

Figure 3.7 summarizes the key results obtained from the sub-Rayleigh
rupture experiment (exp 0942). The rupture nucleation process resulted in
a right-bilateral sub-Rayleigh rupture, which was accompanied by a stress
drop of Δ𝜎0 = −3.4 𝑀𝑃 𝑎 in the far field load. Photoelastic images of the
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left-traveling sub-Rayleigh rupture along with with particle velocity wave-
forms recorded at an on-fault station (−55, 0+)𝑚𝑚 are displayed in Figure
3.7.

Figure 3.7a, recorded to 𝑡 = 49 𝜇𝑠, reveals a right-lateral/left-traveling
sub-Rayleigh rupture as it approached an on-fault measurement station lo-
cated at (−55, 0+)𝑚𝑚. An expanded view of the image reveals a dark, con-
centrated caustic zone on the fault corresponding to the advancing rupture
tip. Prominent field lobes radiate from the rupture tip and extending to ei-
ther side of the fault. An expanding circular S-wave front, is clearly visible
and labeled in the figure.

Figure 3.7b, recorded at 𝑡 = 53 𝜇𝑠, reveals that the rupture tip after it
had just cleared the measurement station. The discontinuity between the
fringe, which protrudes out from the rupture tip and the arched looping
fringe positioned just ahead of the sR rupture tip (at the point labeled “su-
pershear transition”), reveals the emergence of an supershear rupture and
onset of a sub-Rayleigh to supershear rupture transition.

The red lines in the images highlight the optical paths of the FP and FN
fiber-optic probe beams, which were focused at nearly grazing incidence
onto the lower-left corner of a retro-reflective strip of tape (also visible in an
expanded view). Scattered laser light was collected and interfered to gener-
ate the continuous particle velocity records corresponding to 𝑢̇1(−55, 0+)
and 𝑢̇2(−55, 0+) depicted in Figure 3.7c.

Figure 3.7c depicts the resulting on-fault particle velocity waveforms.
The two red trianglesmark the times atwhich the consecutive image frames
were acquired. The blue vertical line positioned at 𝑡𝑠𝑅 = 52.9 𝜇𝑠marks the
estimated rupture arrival time at the on-fault measurement station based
upon an average rupture speed estimate of 𝑣𝑟 = 0.89𝑐𝑠. The anticipated
rupture arrival time correlates very well with the sudden sharp velocity in-
crease exhibited by the FP record. The sense ofmotion corresponding to the
arrival of the sub-Rayleigh rupture in the particle velocitywaveforms agrees
with the anticipated sense of motion of a right-lateral/left-traveling sR rup-
ture as predicted by the vector field plot in Figure 2.15a. The magnitudes of
the corresponding FN and FP velocity swings are given by

|𝛿𝑢̇+
1 | = |(𝑢̇+

1 )𝑚𝑎𝑥 − (𝑢̇+
1 )𝑚𝑖𝑛| = 5.48𝑚/𝑠 (3.4)

|𝛿𝑢̇+
2 | = |(𝑢̇+

2 )𝑚𝑎𝑥 − (𝑢̇+
2 )𝑚𝑖𝑛| = 8.21𝑚/𝑠 (3.5)

and annotated in Figure 3.7c. The notation 𝛿𝑢+
1 signifies that the FP particle

velocity was measured on the extensional side of the fault at a point (𝑥2 →
0+) lying within 200 𝜇𝑚 of the interface.

The resulting particle velocity waveforms bear the signature of a “crack-
like” sub-Rayleigh rupture, as revealed by the nearly constant sliding speed
of 𝑢̇+

1 ∼ 1.3 𝑚/𝑠, whichwas sustainedwell after the rupture had crossed the
measurement station. The particle velocity waveforms are characterized
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Figure 3.8: Consecutive image frames of a
right-lateral and left-traveling sR rupture cap-
tured as it crossed an “on-fault” measurement
station located at (−55, 0+)𝑚𝑚. The red lines
in the image highlight the optical paths of the
FP and FN vibrometer beams, which simulta-
neously monitored the particle velocity at this
location. The resulting particle velocity pro-
files reveal a “pulse-like” rupture characterized
by a FN component, whose magnitude is only
slightly greater than the magnitude of the FP
component.

by a dominant FN component, as expected for a sR rupture, with the ratio
between the noted velocity swings given by

|𝛿𝑢̇+
2 |/|𝛿𝑢̇+

1 | = 1.5

Finally, we draw attention to the small, pulse-like disturbances in the
FN and FP records at time 𝑡 = 𝑡𝑠, which correlate with the arrival of the
supershear “daughter crack” and the onset of a sR to SS transition revealed
in Figure 3.7b.

Figure 3.8 summarizes the key results obtained from the sub-Rayleigh
rupture experiment (exp 0943). In this case the rupture nucleation process
resulted in a right-bilateral sub-Rayleigh rupture accompanied by a stress
drop of Δ𝜎0 = −2 𝑀𝑃𝑎 in the far field load, as noted at the conclusion
of the experiment. Photoelastic images of the left-traveling sub-Rayleigh
rupture along with with particle velocity waveforms recorded at an on-fault
station (−55, 0+)𝑚𝑚 are displayed in Figure 3.8.

Figure 3.8a, recorded at 𝑡 = 53 𝜇𝑠, depicts a right-lateral/left-traveling
sub-Rayleigh rupture as it approached an on-fault measurement station lo-
cated at (−55, 0+)𝑚𝑚. As in the previous experiment, an expanded view
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of the image reveals a dark, concentrated caustic zone on the fault corre-
sponding to the advancing rupture tip. Prominent field lobes radiate from
the rupture tip and extending to either side of the fault. A faint relic of the
expanding circular S-wave front is also visible in the lower-left corner of the
𝑡 = 53 𝜇𝑠 image frame. Figure 3.8b, recorded at 𝑡 = 57 𝜇𝑠, reveals the rup-
ture just after it crossed the station. A faint relic of the expanding circular
S-wave front is also visible in the upper-left corner of the 𝑡 = 57 𝜇𝑠 image
frame.

The red lines in the images highlight the optical paths of the FP and FN
fiber-optic probe beams, which were focused at nearly grazing incidence
onto the lower-left corner of a retro-reflective strip of tape (also visible in an
expanded view). Scattered laser light was collected and interfered to gener-
ate continuous particle velocity records corresponding to 𝑢̇1(−55, 0+) and
𝑢̇2(−55, 0+) depicted in Figure 3.8c.

The two red triangles on the time axis denote the times at which the
consecutive image frames were acquired. The red and green vertical lines
labeled 𝑡𝑝 and 𝑡𝑠 mark the anticipated arrival times of the leading P- and S-
wave fronts at themeasurement station. The blue vertical line positioned at
𝑡 = 55 𝜇𝑠marks the rupture arrival time at the measurement station as de-
termined by tracking the position of the rupture tip. The noted arrival time
corresponds to an average rupture speed of 𝑣𝑟 = 0.85𝑐𝑠 and correlates very
well with the sudden sharp velocity increase exhibited by the FP record.

The resulting particle velocity profiles in Figure 3.8 reveal a sub-Rayleigh
rupture pulse. The sense of motion exhibited by the “pulse-like” rupture
waveforms agrees with the expected sense of motion for a right-lateral and
left-traveling sR rupture as exhibited by the vector field plot in Figure 2.15a
(i.e., a positive velocity swing in the FP component accompanied by a neg-
ative velocity swing in the FN component). The magnitudes of the FN and
FP velocity swings, determined by

|𝛿𝑢̇+
1 | = |(𝑢̇+

1 )𝑚𝑎𝑥 − (𝑢̇+
1 )𝑚𝑖𝑛| = 7.12𝑚/𝑠 (3.6)

|𝛿𝑢̇+
2 | = |(𝑢̇+

2 )𝑚𝑎𝑥 − (𝑢̇+
2 )𝑚𝑖𝑛| = 7.27𝑚/𝑠 (3.7)

are each noted in Figure 3.8c. As previously noted, the notation 𝛿𝑢+
1 sig-

nifies that the FP particle velocity was measured on the extensional side of
the fault at a point (𝑥2 → 0+) estimated to lie within 200 𝜇𝑚 of the inter-
face. The resulting particle velocity profiles are thus characterized by a FN
component, whose magnitude is only slightly greater than the magnitude
of the FP component, i.e., |𝛿𝑢̇2|/|𝛿𝑢̇+

1 | = 1.02.

The results gathered in (exp 0942) and (exp 0943) are representative of
a broad range of sub-Rayleigh rupture experiments, which were conducted
using the (FN,FP) fiber-optic laser interferometer probe configuration. In
all cases the magnitude of the FN component was observed to dominate
over the magnitude of velocity swing exhibited by the corresponding FP
component, i.e |𝛿𝑢̇+

2 |/|𝛿𝑢̇+
1 | > 1 without exception. In the few instances
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Figure 3.9: (a,b) Consecutive photoelastic im-
age frames capture a shear Mach front cross-
ing a particle velocity measurement station po-
sitioned at (−55, 5)𝑚𝑚. (c) Simultaneous FN
and FP particle velocity waveforms recorded at
the off-fault station reveal the velocity wave-
form signature of the leading dilatational field
lobe followed by the sharp velocity jump asso-
ciated with the arrival of the shear Mach front.

where a rupture pulse was recorded, the FN component remained domi-
nant although the ratio is much closer to unity as noted in the case of exp
0943. Moreover, the observed sense of motion exhibited by sub-Rayleigh
particle velocity waveforms is always found to be consistent with the sense
of particle motion as predicted by theory.

Investigation of the Velocity Component Ratio along a Shear Mach
Front using the (FN:FP) Laser Vibrometer Configuration

Aseries of supershear rupture experimentswere conductedusing the (FP:FN)
laser interferometer probe configuration depicted in Figure 3.3(a). Simulta-
neous particle velocity waveforms were recorded at various distances from
the fault, and over a broad range of rupture speeds, as a supershear rupture
and its surrounding field swept past the measurement station. The precise
location of the supershear rupture tip, leading dilatational field lobe, and
shear Mach fronts were all identified in the synchronized high-speed im-
age frames and directly correlated to the velocity disturbances exhibited by
the particle velocity waveforms.

Direct measurement of the particle velocity jumps 𝛿𝑢̇𝑠
1 and 𝛿𝑢̇𝑠

2 along
the shear Mach front were obtained by taking advantage of the rapid sepa-
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ration between the leading dilatational field lobe and the shear Mach front,
which results with increased FN distance from the fault plane. The ra-
tio |𝛿𝑢̇𝑠

1|/|𝛿𝑢̇𝑠
2| was determined from 10 supershear experiments conducted

over the broad range of supershear rupture speeds (
√

2𝑐𝑠 < 𝑣𝑟 < 𝑐𝑝). Re-
sults are plotted against the normalized rupture speed (𝑣𝑟/𝑐𝑠), which was
determined through direct measurement of the Mach front angle as previ-
ously outlined.

Figure 3.9 summarizes the keymeasurements obtained from a represen-
tative supershear rupture experiment (exp 0939). The LEQ specimen was
subjected to an initial static compressive load of 𝜎0 = 24.8 MPa.The rup-
ture nucleation procedure resulted in a right-bilateral sub-Rayleigh rupture,
which very quickly transitioned to a pair of right- and left-traveling supers-
hear ruptures. Photoelastic images of the left-traveling supershear and trail-
ing sub-Rayleigh ruptures, along with particle velocity waveforms recorded
at an off-fault station (−55, 5)𝑚𝑚, are displayed in Figure 3.9(a,b).

The consecutive image frames in Figure 3.9(a,b) reveal the supershear
rupture and its surrounding field as it approached and subsequently swept
past the particle velocity measurement station located at (−55, 5)𝑚𝑚. Fig-
ure 3.9a, recorded at 𝑡 = 33𝜇𝑠, reveals the supershear rupture just as the di-
latational field lobe begins to sweep themeasurement station at (−55, 5)𝑚𝑚.
Figure 3.9b, acquired at 𝑡 = 37 𝜇𝑠, reveals the supershear rupture and its
surrounding field field just as the shear Mach front begins to cross the mea-
surement station. The sharp outline of the expanding circular S-wave front
is clearly visible in both images along with the sub-Rayleigh rupture and its
extended field, which trails in the wake of the supershear rupture.

Figure 3.9c displays the FN and FP particle velocity records recorded
at (−55, 5)𝑚𝑚. The red and green vertical lines at 𝑡 = 26.1 𝜇𝑠 and 𝑡 =
47.7 𝜇𝑠, respectively, denote the anticipated arrival times of the leading
P-wave and S-wave fronts at (−55, 5)𝑚𝑚. The blue line at 𝑡 = 53.9 𝜇𝑠
marks the anticipated arrival time of the trailing sub-Rayleigh rupture tip
at (−55, 5)𝑚𝑚 based upon a frae-by-frame analysis of the photoelastic im-
age sequence. The two red trianglesmark the times 𝑡 = 33 𝜇𝑠 and 𝑡 = 37 𝜇𝑠
when the consecutive image frames in Figure 3.9(a,b) were recorded. The
dashed, black, vertical line at 𝑡 = 33.6 𝜇𝑠marks the estimated arrival of the
leading dilatational field lobe. The observed velocity jump correlates with
the location of the leading dilatational field lobe relative to the off-fault sta-
tion, in Figure 3.9a. The second, dashed, black, vertical line at 𝑡 = 37.7 𝜇𝑠
corresponds to the estimated arrival of the shearMach front at (−55, 5)𝑚𝑚.
The observed velocity jump, which commences at this time correlates very
well with location of the shear Mach front relative to the off-fault station,
as depicted in Figure 3.9b.

The pronounced velocity jumps 𝛿𝑢̇𝑠
1 and 𝛿𝑢̇𝑠

2 attributed to the arrival of
the shearMach front at (−55, 5)𝑚𝑚 are annotated in Figure 3.9c. The posi-
tive increase exhibited by both motion components at this location are con-
sistent with the anticipated sense of motion along the shear Mach front
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Figure 3.10: Measurements of 𝛽𝑠 determined
from supershear experiments plotted versus
the normalized rupture speed. Excellent
agreement between theory and experiment is
demonstrated across a broad range of rupture
speeds, which nearly span the entire domain of
the supershear speed regime.

from a right-lateral/left traveling supershear rupture as confirmed by ap-
pealing to Figure 2.3(b) or Figure 2.14. A measured velocity jump of 𝛿𝑢̇𝑠

1 =
2.844 𝑚/𝑠 in the FP record and a corresponding velocity jump of 𝛿𝑢̇𝑠

2 =
2.101 𝑚/𝑠 exhibited by the FN signal leads to an experimental estimate of
𝛽𝑚𝑒𝑎𝑠

𝑠 = 𝛿𝑢̇𝑠
1|/𝛿𝑢̇𝑠

2 = 1.354 for the ratio between the FP and FN jumps
along the shear Mach front. The measured value for 𝛽𝑠 may be compared
to the theoretically predicted value given by Eq. 2.3, i.e.,

𝛽𝑠 = 𝛿𝑢̇𝑠
1

𝛿𝑢̇𝑠
2

= √𝑣2𝑟/𝑐2𝑠 − 1 (3.8)

assuming that the normalized supershear rupture speed is known.

The normalized rupture speed 𝑣𝑟/𝑐𝑠 = 1.69 𝑚/𝑠 ± 0.01 𝑚/𝑠, was esti-
mated from themeasurement of the shearMach front angle. Themeasured
normalized rupture speed corresponds to a theoretically predicted value of
𝛽𝑠 = 1.362 ± 0.03 in accordance with Eq 2.11. The measured value of
𝛽𝑚𝑒𝑎𝑠

𝑠 = 1.354 is thus found to be within 1% of the theoretically predicted
value.

The experiment (exp 0939) presented here is only one in a group of 10
similar supershear experiments conducted over a broad range of rupture
speeds, whichwere analyzed in a similarmanner. The solid red curve in the
plot corresponds to the theoretical value given by 𝛽𝑠 = √𝑣2𝑟/𝑐2𝑠 − 1. The
individual data points are color coded according to the FN distance (𝑥2) of
the measurement station in the experiment. Estimates for 𝛽𝑚𝑒𝑎𝑠

𝑠 obtained
from each of these experiments are plotted against the corresponding (mea-
sured) normalized rupture speed in Figure 3.10. The horizontal error bars
in Figure 3.10 correspond to the measurement uncertainty of ±0.01 in the
normalized rupture speed estimate.

Eight out of the ten supershear experiments represented in Figure 3.10
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yielded a value for 𝛽𝑚𝑒𝑎𝑠
𝑠 that was found to be within 3.44% of the theoreti-

cally predicted value. There are two noted “outliers”, in the plot correspond-
ing to exp 09110 (9% error) and exp0939 (15.6% error). The primary differ-
ence between these two experiments is attributed to a “near-field distur-
bance”, which was superimposed with the supershear rupture field as the
shear Mach front swept the off-fault station. The effect is very likely a relic
of the rupture nucleation process and is attributed to the dilatational con-
traction of the cylindrical cavity, which surrounds the NiCr wire filament.
Analysis of the near field disturbance reveals that it is initiated well after
rupture nucleation and that it propagates at the dilatational wave speed (𝑐𝑝)
(refer to Figure 3.5). The commonality between the eight “known good”
experiments is that they all exhibited an early sR to SS rupture transition,
which allowed the shear Mach front to sweep the measurement in advance
of the near-field disturbance. This appears to be the only scenario whereby
reliable shear Mach front measurements of the type considered here can be
conducted when using the electrical rupture nucleation scheme.

Bearing all of these points and observations in mind, we may conclude
that the experimental results summarized by the plot in Figure 3.10 demon-
strate excellent agreement between theory and measurement. The results
demonstrate that the observed ratio between the magnitudes of the FP and
FN components along the shear Mach front is governed by the theoretical
relationship given by Eq. 3.8 and preserved out to a considerable distance
from the fault plane (note the data point obtained at 𝑥2 = 20𝑚𝑚).

Attenuation Properties of sub-Rayleigh Rupture Fields: Experimen-
tal Investigations using the (FN:FN) Vibrometer Configuration

A series of sub-Rayleigh rupture experiments were conducted using the
(FN:FN) laser vibrometer configuration depicted in Figure 3.3b. FN par-
ticle velocity waveforms were simultaneously recorded at an on-fault and
an off-fault measurement station as the measurement stations were swept
by the sub-Rayleigh rupture and its extended field. A synchronized, pho-
toelastic image sequence of the event was also obtained using high-speed
photography. The precise location of the sub-Rayleigh rupture was iden-
tified in high-speed image frames and directly correlated to the observed
velocity swings in the recorded waveforms. The ratio between the mea-
sured velocity swings 𝛿𝑢̇2(𝑥1, 𝑥2)/𝛿𝑢̇2(𝑥1, 0+)was obtained and plotted as a
function of the normalized distance from the fault. The results from the ex-
periments demonstrate how a sub-Rayleigh rupture field is rapidly stripped
of its high frequency content and subject to a precipitous amplitude decay
with increased distance form the fault plane Mello et al. (2010).

Figure 3.11 summarizes the key measurements obtained from a repre-
sentative sub-Rayleigh rupture experiment (exp 0973). The rupture nucle-
ation process resulted in a right-bilateral sub-Rayleigh rupture accompa-
nied by a stress drop of Δ𝜎0 = −1 𝑀𝑃𝑎 in the far field load, as noted at
the conclusion of the experiment. Photoelastic images of the left-traveling
sub-Rayleigh rupture along with with particle velocity waveforms recorded



104 | SUPERSHEAR EARTHQUAKES

Figure 3.11: (a,b) Consecutive photoelastic im-
age frames reveal the sub-Rayleigh rupture
and its surrounding stress field lobes as they
approach and subsequently cross the parti-
cle a pair of measurement stations located at
(−55, 0)𝑚𝑚 and (−55, 10)𝑚𝑚. (c) Paired
FN particle velocity traces simultaneously
recorded at the on-fault and off-fault stations.
The FN record obtained at (−55, 10)𝑚𝑚 ex-
hibits a signal amplitude which has decayed
to= 48% of its corresponding on-fault value.

at an on-fault station (−55, 0+)𝑚𝑚 and off-fault station (−55, 10)𝑚𝑚 are
displayed in Figure 3.11. The photoelastic image frames in Figures 3.11(a,b)
reveal a sub-Rayleigh rupture and its extended field lobes as it crossed the
two particle velocity measurement stations located at (−55, 0+)𝑚𝑚 and
(−55, 10)𝑚𝑚. The red lines in the image highlight the optical paths of the
two FN interferometer probe beams, which simultaneously monitored the
particle velocity at these locations. The concentrated rupture tip, promi-
nent field lobes, and the expanding circular S-wave fronts are clearly vis-
ible in each image frame. Figure 3.11a, acquired at 𝑡 = 50 𝜇𝑠, depicts
the sub-Rayleigh rupture tip approaching the on-fault measurement sta-
tion (−55, 0+)𝑚𝑚, while the Figure 3.11b, acquired at 𝑡 = 55 𝜇𝑠, reveals
the rupture just after it crossed the on-fault station. A rupture arrival time
estimate of 𝑡 = 51.88 𝜇𝑠was determined from a frame-by-frame analysis of
the photoelastic image sequence. The images also reveal the leading edge of
the upper field lobe reaching the off-fault station (−55, 10)𝑚𝑚 at 𝑡 = 50 𝜇𝑠
and the trailing edge of the field lobe crossing the station at 𝑡 = 55 𝜇𝑠.

Figure 3.11c depicts the resultingFNparticle velocitywaveforms recorded
from (exp 0973). The two red triangles on the time axis correspond to the
times at which the consecutive image frames in Figure 3.11 were acquired.
The solid red and green vertical lines labeled 𝑡𝑝 and 𝑡𝑠 mark the antici-
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Figure 3.12: Decay of the FN signal amplitude
represented by the |𝑢̇𝑜𝑓𝑓−𝑓𝑎𝑢𝑙𝑡

𝑦 /𝑢̇𝑜𝑛−𝑓𝑎𝑢𝑙𝑡
𝑦 |

plotted versus the normalized FN distance.
Results were obtained from 10 independent
laboratory earthquake experiments using the
paired FN laser interferometer probe configu-
ration, as depicted in the inset.

pated arrival times of the leading P-wave and S-wave fronts at the on-fault
measurement station (−55, 0+)𝑚𝑚. The dashed red and green lines de-
note the anticipated P-wave and S-wave arrival times at the off-fault station
(−55, 10)𝑚𝑚. The blue vertical line positioned at 𝑡 = 51.88 𝜇𝑠 marks the
rupture arrival time estimate at the on-fault measurement station as deter-
mined from an analysis of the photoelastic image sequence. In this case the
noted arrival time corresponds to an average rupture speed of 𝑣𝑟 = 0.91𝑐𝑠.
The two symmetric particle velocity profiles displayed in Figure 3.11c cor-
relate with the passage of the rupture tip and its extended field lobes at the
two measurement stations. The observed sense of particle motion exhib-
ited by the two curves is consistent with the predicted sense of motion for a
right-lateral/left-traveling sub-Rayleigh rupture. This is readily verified by
appealing to the vector velocity field plot in Figure 2.15a. The amplitude of
the velocity swings recorded at each field point reveal how the FN velocity
swing recorded at the on-fault statin is stripped of high frequency content
and decays to 48% of the FN velocity swing recorded at the off-fault station
(−55, 10)𝑚𝑚.

The experiment (exp0973), which is examined here is only one in a group
of 9 similar sub-Rayleigh rupture experiments conducted over a range of
static compressive loads, which were all monitored and analyzed in a sim-
ilar way. Figure 3.12 summarizes the results obtained from all of the sub-
Rayleigh rupture experiments, which were monitored using the (FN:FN)
laser vibrometer configuration.

The ratio |𝑢̇2(𝑥1, 𝑥2)/𝑢̇𝑦(𝑥1, 0+)| is plotted versus the normalizedFNdis-
tance (𝑥2/𝑥𝑚𝑎𝑥

2 ), where 𝑥𝑚𝑎𝑥
2 = 24𝑚𝑚.
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The inset in the figure provides a simple reminder of the LEQ specimen
fault orientation and laser vibrometer configuration that was used to record
the FN velocitywaveforms at each respectivemeasurement station. The red
triangles in the figure correspond to the measured ratios

|𝑢̇2(𝑥1, 𝑥2)/𝑢̇2(𝑥1, 0+)|

while the blue curve is a simple exponential curve fit. The cluster of data
points corresponding to (1𝑚𝑚 ≤ 𝑥2 ≤ 2.5𝑚𝑚) with a ratio near unity
are a manifestation of the rupture process zone. The FN signal amplitude
exhibits a rapid amplitude decay with increased FN distance (𝑥2) from the
rupture zone, as predicted, for a sub-Rayleigh particle velocity field.

KinematicPartitionRelationshipBetween theRupture SlidingSpeed
and the FP Velocity Component Propagated by a Shear Mach Front:
Experimental Investigations using the (FP:FP) Vibrometer Config-
uration

Aseries of supershear rupture experimentswere conductedusing the (FP:FP)
laser vibrometer configuration depicted in Figure 3.3c. The main objective
of this series of experiments was to investigate the spatiotemporal property
of supershear rupture fields, given by Eq. 2.36, which predicts how sliding
speed at the fault plane 𝑢̇1(𝑥1, 0+) is partitioned between the FP motion
components of the radiated shear and dilatational fields.

The key to this particular series of experiments is the rapid separation,
which occurs between the leading dilatational field lobe and the shearMach
front with increased FN distance (𝑥2) from the frictional fault plane. Recall
that the same principle was previously leveraged in order to investigate the
ratio 𝛿𝑢̇𝑠

1(𝑥1, 𝑥2)/𝛿𝑢̇𝑠
2(𝑥1, 𝑥2) between the FP and FN velocity jumps at an

off-fault field point as it is swept by a shear Mach front. The ideal exper-
iment to demonstrate this effect would require a set of simultaneous FP
measurements conducted at different distances from the fault plane during
a single supershear rupture experiment. Unfortunately, a limited number
of laser vibrometers prohibited this approach and so separate experiments
were conducted in order to demonstrate and visualize this effect.The par-
ticle velocity waveforms in Figure 3.13 were obtained from 5 independent
supershear rupture experiments. In each case the vibrometer probe beam
was focused at a different off-fault distance as indicated.

The lowest panel in Figure 3.13 corresponds to supershear experiment
(exp 0913), which featured the simultaneous measurement of FP and FN
particle velocity records at an on-fault station located at (−40, 0+)𝑚𝑚. A
sharp velocity jump commencing at 𝑡 = 30 𝜇𝑠 resulted from the dilata-
tional and shear fields, which are superimposed at the fault plane and en-
gulf the rupture zone. We note the second broader peak in the record at
𝑡 = 44.6 𝜇𝑠, which corresponds to the peak sliding speed of the trailing
Rayleigh rupture, which arrived at 𝑡 = 40.4 𝜇𝑠. The FP record presented
in the second panel from the bottom corresponds to the supershear experi-
ment (exp 09039). The peak velocity attained by the dilatational and shear
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Figure 3.13: Series of FP particle velocity wave-
forms obtained in five separate supershear ex-
periments showing the progressive separation
between the leading dilatational field lobe and
the shear Mach front with increased FN dis-
tance.

field portions of the waveform are labeled 𝑝 and 𝑞, respectively. The noted
separation Δ𝑡𝑝𝑞 reveals how rapidly the two fields begin to separate even
at a modest FN distance of 𝑥2 = 5𝑚𝑚 from the fault plane. Indeed the
separation between the two field contributions enabled a reliable estimate
of 𝑢̇𝑠

1 and 𝑢̇𝑠
2 along the shear Mach front, as previously discussed.

The FP waveforms displayed in the remaining 3 panels were recorded at
FN distances of 𝑥2 = 10𝑚𝑚, 𝑥2 = 15𝑚𝑚, and 𝑥2 = 24𝑚𝑚. The obvious
andmost striking feature of the curves in Figure 3.13 is the sustained ampli-
tude of the FP velocity jump carried by the shearMach front with increased
FN distance (𝑥2). Note as well the pronounced broadening and fairly rapid
amplitude decay of the leading dilatational field lobe in comparison to the
significantly sharper rise time and sustained amplitude associated with the
motion propagated by the shear Mach front. In reality, the experiments ex-
hibited varying stress drops, supershear transition distances, and rupture
speeds and so the stacked plots are not equivalent to a single experiment
based upon five simultaneous FP measurements. Nevertheless, the results
clearly demonstrate the rapid spatiotemoral separation between the leading
dilatational field lobe and the shear Mach front with increased FN distance
(𝑥2) from the specimen fault plane.

We now discuss and interpret the results obtained from a series of su-
pershear experiments specifically designed to investigate the partitioning
relationship given by given by Eq. 2.36, which governs the relationship be-
tween the sliding speed at the frictional fault plane 𝑢̇1(𝑥1, 0+) and the FP
velocity jump 𝑢̇𝑠(𝑥1, 𝑥2) propagated by the shear Mach front. The results
from a supershear experiment (exp 0962) presented here are representative
of a broader group of experiments that were conducted and analyzed in a
similar manner using the (FP:FP) laser vibrometer configuration depicted
in Figure 3.3c.
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Figure 3.14: (a,b) Photoelastic image frames
capture the supershear rupture field as the
rupture tip and shear Mach front were about
to cross the on- fault station (−55, 0+)𝑚𝑚
and the off-fault measurement station at
(−55, 24)𝑚𝑚. (c,d) FP particle velocity
records obtained the on- and off-fault mea-
surement stations located at (−55, 0+)𝑚𝑚
and (−55, 24)𝑚𝑚 during supershear
experiment (exp 0962).

Figure 3.14 summarizes the keymeasurements obtained from the super-
shear rupture experiment (exp 0962). The rupture nucleation procedure re-
sulted in a right-bilateral sub-Rayleigh rupture, which quickly transitioned
to a pair of right-traveling and left-traveling supershear ruptures. Photoelas-
tic images of the left-traveling supershear rupture along with particle veloc-
ity waveforms recorded at the off-fault station (−55, 24)𝑚𝑚, are displayed
in Figure 3.14(a,b).

The consecutive high-speed images in Figures 3.14(a,b) display the su-
pershear rupture field as the rupture tip and shear Mach front approached
the on-fault station (−55, 0+)𝑚𝑚 and the off-fault measurement station
(−55, 24)𝑚𝑚. Figure 3.9a, recorded at 𝑡 = 33𝜇𝑠, reveals the supershear
rupture just as the dilatational field lobe began to sweep the measurement
station at (−55, 0+)𝑚𝑚. Figure 3.9b, acquired at 𝑡 = 37 𝜇𝑠, reveals the up-
per shear Mach front on the extensional side of the fault as it approached
the off-fault station. Mach angle measurements yielded a normalized rup-
ture speed of 𝑣𝑟/𝑐𝑠 = 1.85, which was also consistent with the average
rupture speed estimate obtained through a frame-by-frame analysis of the
high-speed image sequence.
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Figure 3.15: Plot of the measured ratio
𝑢̇𝑠

𝑥/𝑢̇𝑥(𝑥, 0+) obtained from 10 independent
supershear experimental records plotted
against the normalized wave speed 𝑣𝑟/𝑐𝑠. Re-
sults compare quite favorably with theoretical
partitioning relationship corresponding to the
blue curve.

Figures 3.14(c,d) display the on-fault and off-fault FP particle velocity
waveforms obtained in the experiment. Each waveform has been truncated
in order to highlight the portion of the record attributed to the arrival of
dilatational field and shear Mach front. The dashed red and green vertical
lines labeled 𝑡𝑝 and 𝑡𝑠 represent the anticipated arrival times of the S- and
P-waves at the measurement stations. The dashed black vertical vertical
line in Figures 3.14(c,d) denotes the arrival of the supershear rupture tip at
the on-fault station (−55, 0+)𝑚𝑚. The dashed black vertical vertical line
in Figure 3.14(d) marks the arrival of the shear Mach front at the off-fault
station (−55, 24)𝑚𝑚.

The velocity jumps labeled 𝛿𝑢̇+
1 and 𝛿𝑢̇𝑠

1 in Figure 3.14 correspond to

𝛿𝑢̇+
1 = 𝑢̇𝑚𝑎𝑥

1 (−55, 0+) − 𝑢̇𝑚𝑖𝑛
1 (−55, 0+) = 6.998 𝑚/𝑠 (3.9)

𝛿𝑢̇𝑠
1 = [𝑢̇𝑠

1(−55, 24)]𝑚𝑎𝑥 − [𝑢̇𝑠
1(−55, 24)]𝑚𝑖𝑛 = 2.898 𝑚/𝑠 (3.10)

The measured values of the on-fault and off-fault velocity jumps in exp
0962 correspond to a ratio (𝛿𝑢̇𝑠

1)𝑚𝑒𝑎𝑠/(𝛿𝑢̇+
1 )𝑚𝑒𝑎𝑠 = 0.414. Application of

Eq. 2.38 using a normalized rupture speed estimate of 𝑣𝑟/𝑐𝑠 = 1.85 predicts
a partitioning ratio of 𝛿𝑢̇𝑠

1/𝛿𝑢̇+
1 = 0.416. The measured value of 0.414 is

thus found to be within 0.36% of the theoretically predicted value.

Figure 3.15 summarizes the results obtained from 10 independent super-
shear rupture experiments, which were analyzed in a similar manner. The
inset in the upper left corner of the figure schematically depicts the (FP:FP)
laser vibrometer configuration, which was applied to simultaneously mon-
itor the FP velocity component at the -on and off-fault field stations. The
solid blue curve corresponds to a plot of the partitioning ratio (𝑟𝑠) versus
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the stable portion of the normalized rupture speed (
√

2 < 𝑣𝑟/𝑐𝑠 < 2) in
accordance with Eq. 2.38. The experimental data points corresponding to
the measured ratios are plotted in the figure and are seen to span across a
range of rupture speeds, which nearly spans the entire stable rupture speed
regime. The symbol legend in the lower right corner provides a key to the
coordinates of the on-fault and off-fault coordinates for each experiment.
A very good match is observed between the measured ratios obtained from
the experiments and the theoretical partitioning ratio given by Eq. 2.38.
The largest error applies to exp 0993 and exp 0960, which deviate by 12%
and 10.8% respectively, from the theoretical value. The larger deviation
observed in these two experiments is attributed to superposition of the pre-
viously noted near-field disturbance. We also note the range of FNdistances
over which the tests were conducted and how the results appear to be inde-
pendent of the FN distance (𝑥2).

Conclusions

Fundamental spatiotemporal field properties and particle velocity wave-
form signatures exhibited by sub-Rayleigh and supershear ruptures have
been theoretically motivated and experimentally demonstrated. We have
appealed to 2Ddynamic rupture theory and identified specific kinematic re-
lationships between the in-plane motion components, which are uniquely
attributed to the velocity field of a propagating shear dislocation. Under-
lying kinematic properties are manifested in particle velocity records and
experimentally verifiable using the LEQ experiment, which is quasi-2D by
nature.

The original steady state singular elastic solution for the velocity field
radiated by a dynamic shear crack Freund (1979) was reexamined and an-
alyzed in detail. Vector field plots and synthetic waveforms reveal the defin-
ing spatiotemporal field properties andkinematic signatures of sub-Rayleigh
shear cracks. The following properties of sub-Rayleigh rupture fields were
identified and experimentally verified byLEQexperiments using the (FN:FP)
and (FN:FN) vibrometer probe configuration: (1) Sub-Rayleigh shear cracks
propagate with stable rupture speeds (𝑣𝑟), which asymptitically approach
Rayleigh wave speed (𝑐𝑅), i.e, 𝑣𝑟 < 𝑐𝑅. (2) The particle velocity waveforms
of a sub-Rayleigh rupture are distinguished by a FN component (𝛿𝑢̇2(𝑡)),
which always dominates in magnitude over the FP component (𝛿𝑢̇1(𝑡)). (3)
The shear and dilatational field contributions of the sub-Rayleigh rupture
field are always superimposed and physically inseparable. (4) On-fault sub-
Rayleigh velocity waveforms are rapidly stripped of their high frequency
content and subject to a precipitous amplitude decay with increased FN
distance from the frictional fault plane.

Spatiotemporal field properties and kinematic signatures of supershear
rupture fields, which emerge from the singular elastic model, were identi-
fied and contrasted with sub-Rayeigh rupture field properties. The follow-
ing properties of supershear rupture fields are predicted and verified byLEQ
experiments: (1) The ratio between the particle velocity jumps propagated



EXPERIMENTS | 111

by the shearMach frontwas shown to observe the fundamental relationship
𝛿𝑢̇𝑠

1/𝛿𝑢̇𝑠
2 = −𝛽𝑠𝑠𝑔𝑛(𝜉2), given by Eq. 2.15. (2) Motion propagated by the

shear Mach front is characterized by a FP component (𝑢̇𝑠
1(𝑡)), which dom-

inates in magnitude over the FN component (𝑢̇𝑠
2(𝑡)) in the stable rupture

speed regime (
√

2𝑐𝑠 ≤ 𝑣𝑟 ≤ 𝑐𝑝). (3) the reverse situation applies in the un-
stable rupture speed domain (𝑐𝑠 ≤ 𝑣𝑟 <

√
2𝑐𝑠) (4) a peculiar circumstance

arises when 𝑣𝑟 =
√

2𝑐𝑠 whereby the shear field is predicted to vanish. (5)
the shear and dilatational field contributions of a supershear rupture field
are separable and predicted to rapidly separatewith increased distance from
the fault plane. (6) the portion of the on-fault velocity waveform attributed
to the dilatational field term (𝑢̇𝑑) tends to rapidly decay with increased FN
distance, albeit more slowly than the rate of decay of a sub-Rayleigh rup-
ture field. (7) the dilatational field circulates about the supershear rupture
and extends out beyond the region bounded by the shear Mach fronts. This
leads to a pulse-like a noted velocity disturbance in the FP and FN wave-
forms, characterized by a dominant FP component (𝑢̇𝑑

1), which arrives in
advance of the shear Mach front.

The non-singular analytical solution for a steady state supershear slip
pulse (Dunham & Archuleta, 2005) was also presented and examined in
considerable detail. Previously noted spatiotemporal field properties pre-
dicted by the singular elasticmodel are recovered by thenon-singularmodel.
The soluiton appies equally well to crack-like ruptures observed in LEQ ex-
periments by considering the limiting case of a very long pulse length. New
kinematic relationships are gleaned from the non-singular solution, which
relate the slidingmotion driven by the supershear rupture at the fault plane
to the FP components of the radiated shear and dilatational fields. In par-
ticular, we have established a speed-dependent kinematic partitioning re-
lationship given by

𝑟𝑠 = 𝑢̇𝑠
1(𝑥1, 0+)/𝑢̇1(𝑥1, 0+) = (𝛽2

𝑠 − 1)/(𝛽2
𝑠 + 1)

given by Eq. 2.38, which was also experimentally verified by LEQ experi-
ments using the (FP:FP) vibrometer probe configuration.

3.2 ENS Laboratory Earthquake Experiment

The laboratory setup involves a tri-axial apparatus and a high-frequency
acquisition system to record acoustic waves through piezo-ceramic sensors
(Figure 3.16). The apparatus used here is a tri-axial oil medium loading
cell (𝜎1 > 𝜎2 = 𝜎3). The apparatus can support a confining pressure
of 100 MPa and up to 600 MPa in differential stress (for 40 mm sample
diameter). The confining pressure (𝜎2 = 𝜎3) and the axial stress 𝜎1 are
servo-controlled independently. Experiments are conducted by imposing
a constant strain rate, ranging from 10−5𝑠−1 to 10−4𝑠−1. Displacement is
measured externally by three gap sensors and then corrected from the ma-
chine stiffness. Stresses and strains are monitored at 10 Hz sampling rate.
The piezo-ceramic sensors used consist of a PZT crystal (PI ceramic PI255, 5
mm in diameter and 0.5 mm in thickness) encapsulated within a brass cas-
ing. All the piezoelectric crystals are polarised in the same way and record
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Figure 3.16: (A) Schematic of the triaxial appa-
ratus. Axial and radial stresses are driven by
two precision microvolumetric high pressure
pumps. Axial deformation is measured by the
mean of three displacement transducers. (B)
The fault system is simulated using a saw cut
Westerly granite sample. The fault is inclined
at an angle 𝜃 = 300 to 𝜎1 promoting mixed
mode II and III ruptures. (C) Sensor arrays
used to estimate the rupture velocity. Grey cir-
cles are sensors used to track the Mach cone
(MFA). Yellow circles are Near-Field (NF) sen-
sors used to estimate the rupture velocity.

preferentially compressional waves. The signal received on each sensor is
unamplified and relayed to a 16 channel digital oscilloscope, at a sampling
rate of 10 MHz. The waveforms recorded correspond to the variation of the
particles acceleration during instability.

Stick-slip experiments were conducted on saw cut Westerly granite sam-
ples (𝑐𝑝 = 5800𝑚/𝑠, 𝑐𝑠 = 3500𝑚/𝑠), which serve as proxies for crustal
rocks, during triaxial loading. The fault length is 8cm. Stick-slip experi-
ments and earthquake mechanisms are analogous in nature because they
both result from rapid frictional sliding along pre-existing faults resulting
in partial or total stress drop (Brace & Byerlee, 1966).

In our experiments, the stress conditions were typical of the upper crust,
ranging from10 to 150MPa innormal stress acting on the pre-existing / saw-

Figure 3.17: Evolutions of shear stress (solid
lines) and displacement (dashed lines) during
two stick-slip experiments at 10 MPa (A) and
50 MPa (B) confining pressure respectively.
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Figure 3.18: Evolutions of shear stress (solid
lines) and displacement (dashed lines) during
two stick-slip experiments at 10 MPa (A) and
50 MPa (B) confining pressure respectively.

cut fault. In total, more than 250 stick slip events were recorded (Figure
3.17). For each event, we inverted the rupture velocity directly from our
experimental records using high frequency acoustics as a tracking tool.

We tracked the Mach wave front arrival using recorded accelerogram.
Theoretical arrival time of theMach wavefront radiated away from the rup-
ture tip was predicted using: (i) the position of the rupture front determined
from the inverted rupture velocity, (ii) the shear wave velocity and the dis-
tance between the Mach front antenna (MFA) sensors to the fault as de-
fined in Figure 3.18A (Schubnel et al., 2011). Our calculation assumes that
the rupture velocity is constant. Importantly, we looked for ruptures with
velocity 𝑣𝑟 greater than the shear wave speed but different that

√
2𝑐𝑠, for

in this case no Mach cone is expected. We compared our calculation with
waveforms recorded by the MFA array for a stick slip event during which a
supershear rupture velocity was predicted by the inversion (Figure 3.18B).
In agreementwith theory outlined in the previous chapter, we first observed
a weak P arrival, which corresponds to the continuous emission of P waves
by the rupture tip as it propagates. However, the signal is dominated by
the arrival of a large amplitude coherent wavefront just after the diffuse
P wave arrival. The relative amplitude of this wavefront, when compared
to the first P wave amplitude, increases with distance to the fault. This is
expected because the geometric attenuation of a conic wavefront is smaller
than that of spherical one. At each station, the arrival time of this wavefront
is consistent with the predicted arrival time of the Mach wavefront.

To confirmour estimations of the rupture velocity, we conducted simula-
tions using a 2D steady-state rupturemodel as explained before. We observe
an excellent fit, both in relative amplitude and for the general waveform
shape, when comparing the experimental waveforms recorded on the MFA
sensors during a subshear event and the synthetics obtained by our numer-
ical simulation (Figure 3.19B). We observed similar good correspondence
between experimental waveforms and simulation of a supershear rupture
(Figure 3.19C). In both cases, we obtained the best fit between analytical
and experimental records by using the rupture velocity estimated experi-
mentally, confirming that our experimental estimate of the rupture veloc-
ity is accurate. Furthermore, we show that dynamic rupture models that
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Figure 3.19: Comparison of experimental
waveforms with synthetics. (A) Description of
the distance weakening rupture model. Com-
parison of the analytical particle accelerations
with the waveforms recorded during a sub-
Rayleigh event (B) and during a supershear
event (C) The best fit is obtained using the in-
verted rupture velocity.

can simulate accurately strong ground-motions on the kilometric scale, can
also simulate accelerations in the kHz range on centimetric sized samples.
In other words, dynamic rupture propagation is truly a self-similar mecha-
nism.

Our experimental results demonstrate that the ruptureswere dominantly
Mode-II. For this mode, the transition between sub-Rayleigh and supers-
hear rupture has been extensively discussed in theoretical and experimen-
tal studies. We refer back to the chapter on theory. In our experiments,
the initial stress on the fault, 𝜏0 was continuously measured (Figure 3.17).
Taking the static and dynamic friction coefficients equal to 𝑓𝑠 = 0.85 and
𝑓𝑑 = 0.1 respectively, the seismic ratio, 𝑆 could be estimated for each indi-
vidual stick-slip. In our experiments one can attain supershear speeds if the
length of the fault is clearly larger than the supershear transition length. We
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Figure 3.20: The transition to supershear rup-
tures. (A) Correlation between normal stress
and rupture velocity. Color-coding corre-
sponds to the value of S. Red and blue solid
lines represent L as a function of normal
stress assuming two combinations of S and G.
(B) Correlation between rupture velocity and
stress drop. Color-coding corresponds to the
value 𝜏0/𝜎𝑛.

remind the reader that fracture energy 𝐺 is needed to compute this length.

In our experiments,𝐺may range from the lower bound 10𝐽/𝑚2 as given
by single crystal fracture energy values and stick slip experiments performed
at low normal stress (Ohnaka & Shen, 1999) to the upper bound 104𝐽/𝑚2

measured for intact Westerly granite samples at high confining pressures
(Wong, 1982). The transition length was calculated as a function of nor-
mal stress in two cases: (i) 𝑆 = 1 and 𝐺 = 10𝐽/𝑚2, (ii) 𝑆 = 0 and
𝐺 = 1000𝐽/𝑚2 (Figure 3.20A). Experiments performed at the lowest nor-
mal stresses are compatible with𝐺 ≈ 10𝐽/𝑚2. However, experiments per-
formed at intermediate normal stresses can only be explained using larger
fracture energy (𝐺 = 1000𝐽/𝑚2). This is consistent with our observation
of an intense production of fine gouge particles at intermediate and high
normal stresses. Indeed, for spherical particles, the ratio between fracture
energy 𝐺 and surface energy of single crystals 𝛾 is 𝐺/𝛾 ≈ 3𝑤/𝑑, where
𝑤 is the fault thickness and 𝑑 is the average particle size. Our observation
of gouge particles of 1𝜇𝑚 diameter and smaller is consistent with a fault
roughness of less than 30𝜇𝑚. The match between the measured rupture
velocities and the prediction that the minimum transition length drops to
a few centimeters (comparable to our sample size) at high normal stress,
explains why in our experiments supershear rupture becomes a ‘normal’
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phenomena for 𝜎𝑛 > 60𝑀𝑃𝑎. It also explains why supershear was not ob-
served in previous experimental studies on rocks conducted at low normal
stress (most often in biaxial conditions) (Ohnaka & Shen, 1999; Okubo &
Dieterich, 1984).

Finally, we observe a double correlation between the rupture velocity, the
initial stress ratio 𝜏0/𝜎𝑛 and the final stress drop (Figure 3.20B). Subshear
ruptures occurred for stress ratios 𝜏0/𝜎𝑛 < 0.6 and resulted in stress drops
generally lower than 1.5 MPa. Conversely, supershear ruptures occurred
for stress ratios 𝜏0/𝜎𝑛 > 0.7 and resulted in stress drops generally larger
than 3 MPa. This not only makes sense physically but is also compatible
with values previously observed on brittle polymers (Ben-David et al., 2010)
and alsowith field observations for the Kunlun earthquake (Robinson et al.,
2006a). Importantly, this is comparable to the average stress drops inferred
by seismologists for most large crustal earthquakes.

Based on our experimental results, why then is there a paucity of super-
shear ruptures observed in nature? A first straightforward explanation is
related to the difference in fault geometry between our experiments and
seismogenic faults. Our experiments consisted of a perfectly planar fault
geometry with very low initial roughness at high normal stress, leading
to uniform and large stresses on the fault plane. Seismogenic faults, on
the other hand, are most often non-planar and exhibit self-affine rough-
ness (Candela et al., 2012). The occurrence of kinks and dilatational jogs
could slow down or even arrest locally the propagation of seismic ruptures
(Sibson, 1985). Indeed the few documented examples of supershear earth-
quakes are on very smooth, planar fault sections. In addition, the presence
of a gouge layer along the fault interface may slow-down the propagation
of the rupture, as well as thermo-hydro-mechanical coseismic processes
within the breakdown zone — thermal pressurization, frictional melting,
mineral reactions, off fault damage including pulverization—which dissi-
pate part of the released strain energy available resulting in a deceleration
of the rupture front. Alternatively, the paucity of supershear rupture obser-
vation in nature might also simply be due to limitations in instrumentation
and/or spatial coverage. Nevertheless, the experimental values of transition
length and stress drops reported here for a classical crustal lithology (West-
erly granite) under upper crustal stress conditions (< 150MPa) demonstrate
that rupture velocity may exhibit important variations at the scale of small
(centimetric) asperities, so that the seismological estimate of rupture ve-
locities over long fault segments is an average that could well have little
importance at the scale of an asperity. Our experimental results strongly
suggest that, despite the scarcity of compelling measurements on natural
earthquakes, supershear ruptures may frequently occur at the local scale
of asperities for which the stress drop generally inferred is quite large. In
turn, these sudden accelerations/decelerations of the rupture front should
play an important role in generating high frequency radiation which will
influence the total rupture energy budget.
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OBSERVATIONS

4.1 GroundMotion

4.1.1 The 2002 𝑀𝑤 7.9 Denali Earthquake

The nature of near fault ground motion associated with a large strike-slip
earthquake is of great interest to earthquake engineers and to earth scien-
tists alike because there are few observations with which to constrain either
empirical or theoretical models (Ellsworth et al., 2004a). The 2002 (𝑀𝑤7.9)
Denali fault earthquake provided a unique ground motion record close to
the source, at Pump Station 10 about 3 𝑘𝑚 away from the fault. Another
unique feature was that this station recorded the passage of a supershear
earthquake rupture (earthquake whose rupture speed exceeds the shear
wave speed of the surrounding solid (Rosakis, 2002; Rosakis et al., 2007))
providing the only reliable near-source record of such an event. Supers-
hear ruptures are expected to bemore destructive since theymanifest shear
shock wave fronts (Mello et al., 2010; Rosakis, 2002). As a consequence
the ground motion associated with supershear ruptures does not attenu-
ate, with distance, as fast as that associated with sub-shear ruptures, sub-
Rayleigh in 2D, (Das, 2007; Dunham & Archuleta, 2005; Dunham & Bhat,
2008; Mello et al., 2010; Rosakis, 2002; Rosakis et al., 2007). This doubly
important nature of the 2002 Denali event recorded at Pump Station 10 has
motivated the present study whose purpose was to recreate such a record
in the laboratory earthquake setup (Mello et al., 2010; Rosakis et al., 2007;
Xia et al., 2004), using carefully constructed scaling arguments. This opens
up the potential to routinely generate near-source strong ground motion
records in a controlled laboratory earthquake setting. In addition to its sci-
entific value, this study has an important implication for the response and
integrity of buildings near a major fault. For example, the probability of a
major earthquake occurring on the southern San Andreas fault in the next
30 years is considered high, and its effectwill be felt by large population cen-
ters in southern California (Field et al., 2009). This study provides a solid
physical framework for generating realistic near-field ground motions.
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Figure 4.1: 2002 𝑀𝑤 7.9 Denali Fault
Earthquake surface rupture trace annotated
with the kinematic inversion results from
(Ellsworth et al., 2004a). Inset A shows
the Pump Station 10 particle velocity records
from (Ellsworth et al., 2004a) and Inset B
shows the region of interest for this work.

The 2002 (𝑀𝑤 7.9) Denali fault earthquake was the largest strike-slip
rupture to take place on the North American continent in over 150 years
and was comparable in magnitude, if not rupture length, only to the 1906
(𝑀𝑤 7.8) San Francisco earthquake and the 1857 (𝑀𝑤 7.9) Fort Tejon earth-
quake. Its total rupture length of 334 𝑘𝑚, average slip of 4.9 𝑚, and maxi-
mum slip of 8.8 𝑚, ranks it amongst the largest shallow-crust earthquakes
recorded anywhere in the world throughout the past two centuries (Bou-
chon et al., 2010; Haeussler et al., 2004). Due to its remote location within
south-central Alaska, there was very little damage tomodern infrastructure
and fortunately no loss of human life. Field evidence and ground motion
data from this event have, however, provided seismologists with a rare and
extraordinary opportunity to study a large, shallow crust, strike-slip earth-
quake, which is in many ways analogous to the major earthquakes which
are known to occur along the San Andreas fault (Haeussler et al., 2004).

The Denali earthquake rupture initiated along a 40 𝑘𝑚-long segment of
the previously unknown Susitna Glacier thrust fault (Figure 4.1). The rup-
ture then transferred to the Denali strike-slip fault system and propagated
218 𝑘𝑚 from west to east along the central Denali fault. The rupture even-
tually branched off the Denali fault and stepped over onto the Totschunda
fault where it propagated for an additional 76 km before finally arresting
(Haeussler et al., 2004).
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The centralDenali fault ruptured beneath theTrans-Alaska pipeline (TAP),
which crosses the fault, and is located approximately 85 𝑘𝑚 east of the
earthquake epicenter. Close to the TAP-Denali fault crossing a set of “cele-
brated” near-source ground motion records were obtained at Pump Station
10 (PS10) which is positioned at 63.424 𝑁 , 145.763 𝑊 along the TAP and
is located just 3 𝑘𝑚 north of the fault. The accelerometer recording sta-
tion at PS10 is part of the accelerograph network operated by the Alyeska
Pipeline Service Company. Ellsworth et al. (2004a,b) conducted a thorough
analysis and calibration of the PS10 instrumentation and re-processed the
signals in order to recover the long-period (> 10 𝑠) groundmotions. A set of
instrument-corrected acceleration, velocity, and displacement time records
were obtained and properly rotated into the fault normal (𝑣𝑦) and parallel
(𝑣𝑥) directions. The fault parallel, fault normal, and vertical (𝑣𝑧) velocity
records are depicted in Figure 4.1A.

Forward modeling of the instrument corrected ground motion records
led Ellsworth et al. (2004a,b) to conclude that a supershear burst occurred
along a 38 𝑘𝑚 segment of the fault, which was nearly centered about PS10.
The ground motion records were best matched by their kinematic model
if a normalized sub-Rayleigh rupture speed of 𝑣𝑟/𝑐𝑠 = 0.65 was assumed
over a 67 𝑘𝑚 stretch between the epicenter and the point of supershear
transition. It also predicted that the normalized rupture speed jumped to
𝑣𝑟/𝑐𝑠 = 1.5 beyond supershear transition and propagated for a distance
of 38 𝑘𝑚. This was followed by a decrease to a normalized sub-Rayleigh
rupture speed of 𝑣𝑟/𝑐𝑠 = 0.85 for points beyond the terminus of the su-
pershear interval (i.e., distances > 20 𝑘𝑚 east of PS10. See Figure 4.1).
The synthetic records do a reasonable job in capturing the general profile
of the leading portions of the FP, FN, and vertical (UP) records although
the synthetic vertical curves tend to over-predict the peak vertical ground
velocity. The biggest shortcoming of the kinematic model was its inability
to capture the prominent secondary pulse in the FN ground motion record
which is shaded in blue in Figure 4.1. Nevertheless, the careful process-
ing of the instrument-corrected PS10 data and the interpretation of these
remarkable groundmotion records represent a major seismological finding
and themost direct field evidence ever gathered for the existence of a super-
shear earthquake rupture. The existence of supershear ruptures was con-
clusively demonstrated in a physical setting in the laboratory earthquake
experiments of Rosakis and his co-workers (Rosakis, 2002; Rosakis et al.,
2007; Xia et al., 2004) but the Pump Station 10 observations provide one of
the most reliable field evidence to their occurrence in the earth’s crust.

The numerical investigations of Dunham and Archuleta (Dunham &
Archuleta, 2004) noted specific features in the PS10 groundmotion records,
which they identified as characteristic ground motion signatures of a su-
pershear earthquake rupture. The first unique feature of note involves the
existence of a fault parallel (FP) velocity pulse which is approximately 1.5×
greater in magnitude than the corresponding fault normal (FN) velocity
pulse. The second unique feature is the existence of pronounced velocity
swings following themain rupture pulse in the FN record, which (Ellsworth
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Figure 4.2: (A) Schematic of the 3D Labora-
tory specimen hosting a dynamic earthquake
rupture along a fault. (B) The region of in-
terest around laboratory station, (𝑥𝐿, 𝑦𝐿),
corresponding to the region depicted in Fig-
ure 4.1B. (C) Mosaic image of the fault sur-
face depicting the 3D fault geometry. The
vertical scale is exaggerated. 𝑅 corresponds
to a root mean squared roughness measure
of the bead blasted and polished regions.

et al., 2004a)was unable to replicate using a simple kinematicmodel. (Dun-
ham&Archuleta, 2004) reasoned that the secondary pulses in theFN record
resulted from rupture acceleration during the supershear transition and the
release of Rayleigh waves during this phase which combine to produce a
secondary slip-pulse. This pulse trails the primary supershear rupture and
propagates at around the Rayleigh wave speed. We will henceforth call this
secondary pulse the ‘Trailing Rayleigh Pulse’. Both these unique features
were confirmed by them using a spontaneous dynamic rupture propaga-
tionmodel which incorporated a slip weakening friction lawwith a built-in
healing mechanism (Nielsen & Carlson, 2000).

Motivated by the success of the dynamic simulations and the physically
based interpretation of the secondary slip-pulse, an attempt was made to
replicate the most striking features of the PS10 records using the labora-
tory earthquake arrangement (Mello et al., 2010; Rosakis et al., 2007; Xia
et al., 2004). The region of interest that will be modeled experimentally is
shown in Figure 4.1B. This is an ideal setting because, unlike spontaneous
dynamic rupture models, the governing friction law of the interface is nat-
urally ’built-in’ and has been shown to have similar features as those for
crustal rocks (Lu, 2009; Rosakis et al., 2007).

Laboratory Earthquake Setup

Laboratory earthquake experiments were conducted using 200 × 200 ×
12.5 𝑚𝑚 (nominal thickness) Homalite-100 specimen assemblies featur-
ing a 3D fault geometry and a fault oriented at Ψ = 64𝑜 with respect to the
direction of the compressive principal stress (Figure 4.2A,B). Figure 4.2C
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shows specific details of the new 3D specimen fault geometry. This geom-
etry is a 3D extension of the 2D geometry used in past laboratory earth-
quake studies (Rosakis et al., 2007; Xia et al., 2004). The fault segment to
the left of the nucleation site corresponds to a 25 𝑚𝑚 × 12.5 𝑚𝑚 interface
formed by two polished surfaces. The intent is to inhibit rupture propaga-
tion to the left through contact bonding of the flat polished surfaces of a
short fault segment under the applied static compressive load. The 39 𝑚𝑚
roughened-fault-segment to the right of the polished section provides lower
frictional resistance than the polished section and is referred to as the nu-
cleation and rupture transition zone. A NiCr filament channel is milled
within 0.5 𝑚𝑚 of the boundary between the short polished segment and
the nucleation patch on the roughened side of the boundary. A sudden dis-
charge of current through the wire, fluidzes it resulting in a local reduction
of normal stress which leads to the nucleation and propagation of an unsta-
ble dynamic rupture (Rosakis et al., 2007; Xia et al., 2004). The coordinates
(𝐿𝑇 , 0) = (39, 0) 𝑚𝑚 correspond to a point on the surface of the speci-
men, at the end of the nucleation patch, where the roughened portion of
the fault is abruptly reduced in width from 12.5 𝑚𝑚 to 4.5 𝑚𝑚 as depicted
in Figure 4.2C. At the transition location, (𝐿𝑇 , 0), a stress concentration de-
velops, under applied load. This stress perturbation allows a sub-Rayleigh
rupture to accelerate to supershear speed (Dunham et al., 2003; Liu & La-
pusta, 2008). The polished part of the fault, situated below the roughened
part, (width of 8 𝑚𝑚) has a higher frictional resistance and is expected to
adhere under an applied static compressive load. The roughened frictional
part (top) is meant to mimic the brittle upper crust where earthquakes are
typically hosted. The polished bottom part represents the ductile part of the
crust which remains essentially locked during an earthquake rupture.

A reflective tape strip used to enable the particle velocity measurements
(Lu et al., 2007; Mello et al., 2010) was positionedwith its lower-right corner
at the scaled PS10 location (𝑥𝐿, 𝑦𝐿). The laboratory station coordinates,
denoted by the superscript 𝐿, will be determined in the next section. The
results from several experiments conducted in advance were also used to
estimate that a critical load 𝜎1 > 30 𝑀𝑃𝑎 is required to trigger a supershear
rupture at the desired location (𝑥 = 𝐿𝑇 ).

The scaled PS10 supershear experiment was conducted under a static
compressive load of 𝜎1 = 31 𝑀𝑃 𝑎. Three laser interferometer probe beams
were focused on themeasurement station at (𝑥𝐿, 𝑦𝐿) in order to simultane-
ouslymonitor the fault parallel (𝑣𝑥), fault normal (𝑣𝑦), and vertical (𝑣𝑧) par-
ticle velocity components at this location. Synchronized, high-speed pho-
toelastic images (where the fringes correspond to contours of maximum
shear stress change in themedium), obtained every fewmicroseconds, were
simultaneously acquired in order to obtain a spatially resolved, full field
view of the dynamic event (Mello et al., 2010; Xia et al., 2004).
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Development of a Scaling Relationship

To develop a reasonable scaling argument to reproduce the PS10 record we
address the following three questions. One, what is the appropriate tem-
poral scaling that will translate the laboratory station record (few 10’s of
micro-seconds in duration) to the PS10 records (few 10’s of seconds in du-
ration). Two, what is the corresponding location of the laboratory station
that would ideally represent the spatial location of PS10 with respect to the
Denali fault. Three, what is the appropriate amplitude scaling that would
match at least the peak particle velocities of PS10 with the laboratory sta-
tion. We refer the reader to the chapter on Theory for the mathematical
development of the scaling relationship.

Once the observation station is set and experimental records are obtained
they are then subjected to temporal scaling using the relation, 𝑡𝑠𝑐𝑎𝑙𝑒𝑑 =
𝑡𝐿 ×𝑆𝑇 . The spatial scaling and geometric constraint used to design the ex-
periment automatically ensures that the arrival times of the supershear and
trailing sub-Rayleigh ruptures in the scaled laboratory record will coincide
with the arrival times of the equivalent features in the actual PS10 ground
motion record.

As a final step, the particle velocity magnitudes are scaled by the peak to
peak swing in the trailing Rayleigh pulse part of the record. Based on the
steady-state slip-pulse models of (Dunham & Archuleta, 2005; Rice et al.,
2005; Samudrala et al., 2002b) the proper non dimensionalized representa-
tion of the velocity field in a medium hosting a slip pulse of length 𝐿 with
a process zone of size 𝑅 is given by

v( 𝑥
𝐿, 𝑦

𝐿) = ̂v𝑜 F( 𝑥
𝐿, 𝑦

𝐿, 𝑅
𝐿 , 𝑣𝑟

𝑐𝑠
) (4.1)

where ̂v𝑜 = 𝑐𝑠
(𝜏𝑝 − 𝜏𝑟)

𝜇
where 𝜇 is the shear modulus, 𝜏𝑝 − 𝜏𝑟 is the strength drop, 𝑐𝑠 is the shear
wave speed and v is the in-plane particle velocity vector. This universal
feature applies to all elastodynamic rupture models. For a class of mod-
els utilizing slip/distance weakening (Dunham & Archuleta, 2005; Rice et
al., 2005) and velocity weakening (Samudrala et al., 2002b) the actual func-
tional form of F can be obtained analytically. A typical value for the shear
modulus of crustal rock is 30 𝐺𝑃𝑎, while the corresponding value for H-
100 is 1.96 𝐺𝑃𝑎. At mid-seismogenic depths (around 7 𝑘𝑚) the normal
stress 𝜎 is estimated to be of the order of 100 𝑀𝑃𝑎. If a Coulomb-like fric-
tion relation is assumed (𝜏 = 𝑓𝜎, where 𝑓 is the friction coefficient and
𝜎 is the normal stress), then assuming 𝑓𝑝 = 0.6 and 𝑓𝑟 = 0.2, a strength
drop on the order of 40 𝑀𝑃𝑎 is obtained for crustal rock. Assuming 𝑐𝑠 for
crustal rocks is 3.5 𝑘𝑚/𝑠 the value of the velocity amplitude, ̂v𝑜, for rock is
4.67. A typical strength drop in laboratory earthquake experiments is about
7 𝑀𝑃𝑎 (assuming a principal stress magnitude of 31 𝑀𝑃𝑎), giving a value
of ̂v𝑜 close to 4.57, while reasonably assuming𝑅/𝐿 and 𝑣𝑟/𝑐𝑠 are similar for
rupture inHomalite-100 and crustal rock. It stands to reason therefore, that
the particle velocity records obtained in laboratory earthquake experiments
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should be comparable to the magnitude of ground motion velocities mea-
sured in natural earthquakes and thus can be adjustedmoderately tomatch
the PS10 record. As stated earlier the actual adjustment is done by using the
peak to peak swing of the trailing Rayleigh pulse part of the record.

Experimental Results

The photoelastic image sequence in Figure 4.3 provides a spatially-resolved,
frame-by-frame view of the scaled PS10 supershear experiment. The sta-
tionary dark, circular caustic zone at (39, 0) 𝑚𝑚, indicated in Figures 4.3A
and 4.3C-4.3E, corresponds to the stress concentration at the boundary be-
tween the roughened and polished (locked) fault segments. The long cylin-
drical shadow seen in each of the image frames was produced by the side
exit probe, which was used to direct the vertical laser interferometer probe
beam to the measurement station at (57, 3) 𝑚𝑚. Figures 4.3A, B depict the
sub-Rayleigh rupture as it encountered the boundary of the locked fault seg-
ment. The increased diameter of the caustic zone at (39, 0) 𝑚𝑚 reveals a
stress build-up which occurred as the advancing sub-Rayleigh rupture field
was superimposed upon the pre-existing static stress field at the boundary
of the locked fault segment. A supershear transition was triggered by the
locked fault segment, which acted as a high-strength barrier, or, alterna-
tively, as a patch of higher pre-stress (Dunham et al., 2003). The observed
supershear transition in the scaled PS10 experiment is notably different
than the classical Burridge-Andrews (Rosakis, 2002; Rosakis et al., 2007)
type transitionmechanism since this transition is artificially induced. Well-
formed shear Mach/Shock fronts are clearly visible in Figures 4.3D, E. The
appearance of two shear Mach fronts indicates regions of high gradients in
slip velocity traveling with the rupture tip. For a perfect slip pulse these two
regions correspond to the leading and the healing edges of the slip pulse.
The image frames also capture the trailing Rayleigh pulse, TR, rupture as
it sweeps across the off-fault station at (57, 3) 𝑚𝑚. The location of TR is
indicated in Figures 4.3C-E.

The particle velocity records obtained from this experiment are shown in
Figure 4.3F and Figure 4.4. The leading portions of all three of the particle
velocity records are dominated by the fault parallel record, as expected to be
generated by a supershear rupture front propagating at a speed in excess of√

2𝑐𝑠 (Mello et al., 2010; Rosakis, 2002). Also, the fault parallel component
features a pronounced double peak at about 50 𝜇𝑠. The first velocity peak is
attributed to the leading dilatational field lobe, which encircles the supers-
hear rupture tip (Mello et al., 2010). The second velocity peakwhich follows
immediately is accurately correlated to the arrival of the shear Mach front.
The fault parallel signal eventually reaches a steady sliding value of around
2 𝑚/𝑠 resulting in a crack-like rupture unlike the Denali event. The fault
normal signal also features a strong trailing Rayleigh pulse, shaded in blue
in Figure 4.3F, which follows immediately after the passage of the shear
mach cone peak. The arrival of this strong pulse is very well correlated
with the visual evidence of the arrival of the trailing Rayleigh pulse fringe
concentration at the measuring station (Figures 4.3D, E).
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Figure 4.4: Scaled Laboratory Station records
compared with the Denali Pump Station 10
record.

Figure 4.4 shows the comparison between the scaled laboratory ground
motion records, using the scaling arguments developed earlier, and the ac-
tual Denali PS10 ground motion records. Each point labeled (𝐴′ - 𝐻′) in
the laboratory particle velocity records has a corresponding point (𝐴 - 𝐻)
in the PS10 ground motion records and vice versa. Apart from the fact that
the experimental record is crack-like, the scaled records match up remark-
ably well with the PS10 groundmotion records and capture all of the promi-
nent signatures. The other remarkable observation is the consistency in the
polarity of the laboratory velocity records when compared with the PS10
records. The dominance of the fault parallel component over the fault nor-
mal component (𝐴 𝑣𝑠. 𝐵) and (𝐴′ 𝑣𝑠. 𝐵′) is observed in the early portion
of the experimental records although the exact level of 1.5× ratio exhibited
by the PS10 records was not captured by the experimental records. Note
that the PS10 fault parallel record does not exhibit a dilatational field peak
prior to the arrival of the shear Mach front. This could be attributed to the
fact that the lab experiment is still largely 2D-like in that there is no signif-
icant spatial variation of the rupture through depth. This point is bolstered
by the results of the dynamic 3D calculations by (Dunham & Archuleta,
2004) which do not distinguish between the leading dilatational field and
the shear Mach front. The experimental fault normal record also exhibits
some striking similarities with the corresponding PS10 record between the
points labeled 𝐶′ → 𝐷′ → 𝐸′ in the laboratory FN record and the cor-
responding velocity swings spanning from 𝐶 → 𝐷 → 𝐸 in the PS10 FN
ground motion record. The magnitude of the relative velocity swings be-
tween 𝐶′ → 𝐷′ and 𝐶 → 𝐷 were forced to match as part of the scaling
process. This then established the amplitude scaling which was applied to
the fault parallel and vertical records. As noted by (Dunham & Archuleta,
2004) the almost antisymmetric nature of this part of the record at PS10 re-
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Figure 4.5: Fourier Amplitude Spectra (FAS)
of the Denali Pump Station 10 record and
Scaled Laboratory particle velocitiesveals that the trailing Rayleigh disturbance was pulse-like. However, since

a crack-like rupture resulted in the experiment, the trailing Rayleigh dis-
turbance failed to completely heal and hence the record is not purely anti-
symmetric. Nevertheless, the result captures the same general features and
sense ofmotion observed in the corresponding portion of the PS10 fault nor-
mal ground motion record, and provides strong experimental confirmation
that this portion of the PS10 record was indeed attributed to the passage of
a trailing Rayleigh pulse. There is also a very nice match between the ver-
tical record obtained in the laboratory earthquake spanning between the
points 𝐹 ′ → 𝐻 ′ . and the PS10 groundmotion record spanning the interval
defined by between the points labeled 𝐹 → 𝐻 .

Bizzarri et al. (2010) noted that there was no elevation of the 5% damped
response spectral accelerations in the period band 0.05 - 0.4 s compared
to the spectral acceleration observed at non-Mach pulse stations for earth-
quakes that went supershear (except for a small subset of Imperial Valley
stations). To check if this is observed in the laboratory experiments we
also calculate the Fourier amplitude spectra (FAS) of the velocity ampli-
tude for both the Denali Pump Station 10 record and Scaled Laboratory
particle velocities record. To make proper comparison between the PS10
and the scaled laboratory velocity records we first resampled the scaled lab-
oratory record at the PS10 sampling rate (100 Hz) and then applied half-
cosine taper to the last 10% of the signal. The results (frequency range be-
tween 0.01 and 20 Hz) are shown in Figure 4.5. First of all we note that
the fault normal (FN) spectra are remarkably similar as expected because
of similar rise times of the significant pulses (𝐵, 𝐶, 𝐷) in the PS10 record
and the scaled record (𝐵′ , 𝐶 ′ , 𝐷′). Themodest difference in the vertical (V)
record is mainly due to the fact that the significant pulses in the lab record
(𝐹 ′ , 𝐺′ , 𝐻 ′) have sharper peaks than their counterparts in the PS10 record
(𝐹, 𝐺, 𝐻).

The biggest difference is seen in the fault parallel (FP) record around
2.5 Hz, and beyond, as noted by Bizzarri et al. (2010). The significant dif-
ference here is clearly the lack of the precursory dilatational field (part of
the velocity field carrying ∇⃗ ⋅ ⃗𝑣 like motion) in the PS10 record. We note
that this field actually represents the volumetric strain rate (first invariant
of the strain rate tensor) i.e. ∇⃗ ⋅ ⃗𝑣 = ̇𝜖𝑥𝑥 + ̇𝜖𝑦𝑦 + ̇𝜖𝑧𝑧. In the supershear
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regime even though the dilatational wave field is not being shocked it is
approaching conditions close to it and consequently variations in the volu-
metric strain rate increases quite dramatically. In soils and brittlematerials,
like rocks, this, possibly dynamic, variations in volumetric strain rates will
invariably lead to non-linear response (in soils) or comminution (in rocks).
We strongly suspect this is the reason why this dilatational field was never
recorded at PS10 and hence the lack of elevation of the 5% damped response
spectral accelerations in the period band 0.05 - 0.4 s.

Nevertheless, the fact that scaled dynamic rupture experiments in brittle
polymeric surrogates are capable of qualitatively reproducing all the signif-
icant features of the PS10 record is simply remarkable. It suggests that at
near-source distances the strong singular elastodynamic nature of both the
supershear and the trailing Rayleigh pulses swamp the near-source velocity
field and the inherent inhomogeneities of the earth’s crust do not contribute
much to the dominant features of the ground motion.

The laboratory earthquake and the near-fault measurements presented
here should thus be viewed as faithful physical analogs to the Denali event
and to the resulting PS10 ground motion records. The overall goal was to
reproduce the supershear portion of the Denali rupture in a controlled and
repeatable laboratory setting to capture the prominent supershear ground
motion signatures and to offer a strong physical basis for the design of the
experiment and the interpretation of the results. All of this was possible
over 6 orders of magnitude of length scale difference between the field and
the experiment. Viewed from this perspective, the analog experimentswere
quite successful in capturing the field reality and have performed better in
many respects to the best available forward and direct numerical model-
ing attempts offered up to this time. The success of this approach estab-
lishes controlled, scalable experiments as credible physical analogues to
field events and demonstrates their value in routinely investigating near-
field ground shaking signatures in the laboratory. The lack of dense enough
near-source groundmotion recordsmakes their potential value only stronger.

The direct practical consequence of the above observations are that a
near field station will first experience the primary fault parallel (FP) shak-
ing due to the arrival of the supershear rupture fields, followed by a primary
fault normal (FN) shaking linked to the trailing Rayleigh pulse. Structures
located near a fault hosting such a transition will effectively experience two
separate, closely timed earthquake events characterized by different forms
of ground-shaking (one dominated by the fault parallel component and the
other by the fault normal component). The timing between these two oc-
currences will depend on the location of the near field station relative to
the point of sub-Rayleigh-to-supershear transition. Indeed, in the future,
we envision the use of such analogue experiments and scaling arguments
in providing accurate and scalable ground shaking records to be used as in-
puts to large scale structural integrity calculations in assessing the seismic
hazard of realistic buildings.
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Figure 4.6: The earthquake rupture and
near-field evidence of supershear. a, The
Palu-Koro fault system, where the Pantoloan
tidal gauge and the PALP GPS station are
marked. The green line of dots represents the
slice of the bay considered for the tsunami
model employed in this study. b, Compari-
son between the fault parallel particle veloc-
ities recorded at the PALP station with those
generated by the numerical supershear rupture
model of Dunham & Bhat (2008). c, Compar-
ison between the corresponding fault normal
particle velocities. d,e, Same as (b,c) but for
a subshear rupture.

4.1.2 The 2018 𝑀𝑤 7.5 Palu Earthquake

The most unmistakable signature of a supershear rupture is that the fault
parallel particle velocity dominates over the fault normal velocity (Dun-
ham & Archuleta, 2005; Mello et al., 2014) (when the rupture velocity 𝑣 is
greater than

√
2𝑐𝑠 for a shear wave speed 𝑐𝑠). The opposite signature is ex-

pected for a subshear rupture. Figure 4.6a shows the Palu-Koro fault system
along with the location of the high-rate, 1Hz, PALP GPS station. Figures
4.6b-c show the particle velocities recorded during the Sulawesi earthquake,
clearly demonstrating a fault parallel particle velocity greater than the fault
normal velocity (∼1.0m/s versus ∼0.7m/s). This proves that the rupture,
as it passed by the PALP station, definitively went supershear and hence at-
tained a speed between

√
2𝑐𝑠 and the P-wave speed, 𝑐𝑝, of the medium (the

absolute limiting speed of the rupture). This represents the first-ever ob-
servation of a supershear rupture by a high-rate GPS station. Socquet et al.
(2019) and (Bao et al., 2019) have also inferred that this earthquakewent su-
pershear, butmainly through far-field observations employing geodetic and
teleseismic data, respectively. The only other near-field evidence of a super-
shear earthquake was obtained using an accelerometer (250Hz) at Pump
Station 10 (PS10) during the 2002 Mw 7.9 Denali earthquake (Ellsworth et
al., 2004a; Mello et al., 2014).

We can further compare the PALP records against a 3D supershear earth-
quake simulation (Dunham & Bhat, 2008) whose rupture propagates at a
speed of 𝑣 = 1.6𝑐𝑠 and whose corresponding particle velocites are com-
puted at 100Hz and then decimated to match the 1Hz sampling rate of the
GPS observations (seeMethods for details). The synthetic data and the GPS
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records are in excellent agreement for themain rupture pulse (Figures 4.6b-
c). The subsequent arrivals are not as well-captured since the numerical
model does not account for the local velocity structure and the detailed fault
geometry. A similar comparison with synthetic velocities computed for a
subshear rupture (𝑣 = 0.8𝑐𝑠) finds that they are in poor agreement with
GPS data (Figures 4.6d-e). This clearly suggests that the supershear rup-
ture speed was 1.6𝑐𝑠 (around 5.3km/s) when it passed by the PALP GPS
station (Ulrich et al. (2019) also find a speed greater than

√
2𝑐𝑠). We have

thus provided the first near-field high-rate GPS-based evidence that the Su-
lawesi earthquake rupture actually did go supershear as claimed.

4.2 Far-Field Damage

4.2.1 The 2001 𝑀𝑤 7.8 Kunlun Earthquake

The Kokoxili surface rupture (Figure 4.7) has been studied by a number
of workers, Xu et al. (2002), Lin et al. (2002, 2003), Lasserre et al. (2005)
and Klinger et al. (2006) among others, and mapped in detail using Ikonos
satellite images and supporting fieldwork byKlinger et al. (2005). Particular
attentionwas paid to the slip-partitioned section, which is also discussed by
King et al. (2005). Lin et al. (2003), Bouchon & Vallee (2003), Antolik et al.
(2004) , Tocheport et al. (2006) andRobinson et al. (2006a) did seismological
studies of the rupture process associated with the Kokoxili event. The field
team noted other interesting features, but unfortunately could not study
them in detail so that we do not have careful field documentation. Thus
although the observations may be consistent with rupture propagation at
supershear speeds the correlation should be treated with caution.

North of the fault, bridge abutments crossing minor drainages on the
Kunlun Pass to Golmud road were damaged. Since fragile walls and poorly
constructed buildings were undamaged even closer to the fault and such
bridges are not normally sensitive to shaking, a likely explanation is that
the damage resulted from large ground strains probably in extension. The
damage did not appear to be due to compression although, without more
careful examination, it cannot be excluded.

South of the fault, on the road between the Kunlun Pass and Kusai Hu,
extensive ground cracking occurred (Figure 4.8) oriented at approximately
fault parallel as shown in Figure 4.7a. The cracking was not mapped since
the cracks were too small to appear on Ikonos images. Direct mapping of a
large regionwould have required an extended period at an altitude of nearly
4000 meters which was not possible. The extent of the region of cracking
(shown in Figure 4.7) parallel to the strike of the fault is likely to be cor-
rect, but the extent perpendicular to it is simply not determined, and it is
only sure that the cracking extended to the horizon on both sides of the
road. Whether or not the map is accurate, the cracks were substantial dis-
tributed features that did not have the character of primary fault ruptures.
The field team did not constrain the orientation of these features relative
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Figure 4.7: (a) Simplified map of the surface
rupture (red line) for the 2002 Kokoxili earth-
quake (adapted from Klinger et al. (2005)).
The epicentre is indicated by a red triangle
so that rupture propagated mainly to the east.
The slip-partitioned section extends from the
Hong Shui river to north of the middle of Ku-
sai Hu (lake). Extensive cracking was ob-
served (with approximate crack orientations
drawn by authors) from east of the Kusai Hu
to about halfway to the Kunlun Pass. North
of the pass (where the road to golmud is out-
lined in blue) bridge abutments were damaged.
The extent of the region of cracking parallel
to the strike of the fault is likely to be cor-
rect, but the extent perpendicular to it is sim-
ply not determined, and it is only sure that
the cracking extended to the horizon on both
sides of the road. (b)Perturbation in fault nor-
mal stress,∆𝜎𝑦𝑦/(𝜎0

𝑦𝑥−𝜏𝑟)normalized by dy-
namic stress drop due to a ‘left-lateral’ supers-
hear slip pulse propagating steadily at various
rupture speeds, 𝑣𝑟. The results are for 𝑅/𝐿 =
0.1 where 𝑅 and 𝐿 are the size of the slip
weakening zone and the length of the slip pulse
respectively and𝜎𝑑𝑟𝑜𝑝 = (𝜎0

𝑦𝑥 −𝜏𝑟)/(𝜏𝑝 −𝜏𝑟).

to the main Kokoxili rupture trace. However, the road track shown in Fig-
ure 4.8 is roughly oriented in the West-North-West direction (the absence
of the Kunlunshan mountain range at the horizon of Figure 4.8 supports
this conclusion). That means that the cracks are oriented at shallow angles
to the main rupture trace. Our estimates of the far-field stresses show that,
for a left-lateral supershear rupture as the Kokoxili event, the region where
the crackswere observed suffered from large fault normal extensional stress
perturbation (Δ𝜎𝑦𝑦 ≈ 5 − 15 MPa for a 3 MPa dynamic stress drop, on the
pulse, consistent with the average stress drop inferred by Rice et al. (2005)
for other large, sub-Rayleigh ruptures) leading to the formation of tensile
cracks oriented roughly parallel to the main rupture trace [Figure 4.7b].

Because there is only the limited constraint mentioned of the cracking
direction, it is instructive to examine other possibilities. If these extensional
features were oriented at some near-perpendicular angle to the main rup-
ture trace then this could mean that the extensional features observed were
created by the unloading phase following the traversal of a large compres-
sional loading pulse. For such orientation, it would be possible that the brit-
tle near-surface material (frozen soil sediments) could yield in compaction
when the Mach front traversed through the material, and then unloaded as
tensile cracks when the compressional strain was removed in the wake of
theMach front. Our estimates of far-field stresses show that at Kunlun rup-
ture speeds the fault parallel stress perturbation (Δ𝜎𝑥𝑥), is compressional
and quite large (≈ 5 − 15 MPa) for a 3 MPa dynamic stress drop on the
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Figure 4.8: Cracks along the road from Kusai
Hai to the Kunlun pass. At this point the road
is several kilometers from the fault. The cracks
were not mapped and their orientation was not
specifically measured, but was close to the ori-
entation shown in Figure 4.7. The cracking is
consistent either with extension, or with com-
pression and inelastic yielding followed by ten-
sional failure when the compression was re-
laxed.

pulse [Figures 2.9 and 4.9]. Thus there is a plausible mechanism for any
angle of the tensile cracks with respect to the main fault trace, except for
angles in the vicinity of±450, in which case the normal stress on these fea-
tures (whether tensile or compressive) is small in magnitude.

Thus it seemsmost unlikely that a sub-Rayleigh rupture could have acti-
vated the normal fault structure. We thus find that at the rupture speeds for
the Kunlun event normal fault activation by positive changes in Coulomb
stress on the same is unlikely to happen, and no viable alternative is pro-
vided to thehypothesis that the normal faulting resulted fromslip-partitioning
at depth (King et al., 2005).

The value of Ψ, the principal stress angle with respect to the fault and
bearing in mind that the fault is left-lateral, about 200 km to the east of the
Kunlun-Xidatan junction was estimated to be between 30 and 45 degrees
from orientations of active faults in the region. It was noted for Denali fault
in Alaska, which has similar tectonic features as Kunlun, by Ratchkovski
(2003), that the orientation of the maximum principal stress rotated about
the normal to the strike as one traversed along the strike of the fault. This
might be the case with Kokoxili but no similar stress direction estimate ex-
ists for the region to the east as of now. The orientation of the cracks and
the existence of both normal and strike-slip structures gives us an additional
constraint on Ψ. Firstly, if the cracks were created by the unloading phase
following the traversal of a large compressional loading pulse then the ori-
entation of the cracks might give us some constraint on the direction of the
maximum in-plane compressive stress, Ψ. The average orientation of the
cracks seem to be between 50 and 55 degrees (no precise measurements
were made in the field) with respect to the fault and these features are ex-
pected to form perpendicular to the maximum in-plane compressive stress
direction, provided that the stress perturbation added to that compression.
This suggests that Ψ should be roughly between 35 and 40 degrees. The si-
multaneous existence of normal and strike-slip faulting, if interpreted (too
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Figure 4.9: Far field perturbation in fault par-
allel stress, ∆𝜎𝑥𝑥 as a function of rupture ve-
locity calculated using the maximum slip ve-
locities at the corresponding rupture velocities
and for different values of 𝑅/𝐿. We assume
dynamic stress drop to be 3MPa, shear modu-
lus to be 30 GPa and S-wave speed of 3𝑘𝑚/𝑠
in these calculations.

strictly) to mean that the 𝜏/𝜎 were the same on both the structures, that
𝜎𝑧𝑧, the maximum principal compressive stress, and the remaining princi-
pal stresses be compressive and not greater than 𝜎𝑧𝑧, puts Ψ in the range
of 16 to 27 degrees (for 𝜏/𝜎 between 0.3 and 0.6). The direction Ψ∆𝜎 of
the principal compression in the perturbation far-field lies between 0 and
10 degrees when 𝑣𝑟 >

√
2𝑐𝑠, specifically between 3 and 6 degrees when

1.5𝑐𝑠 < 𝑣𝑟 < 1.6𝑐𝑠. In fact, in the far-field Ψ∆𝜎 = 0.5 tan−1 (− cot 2𝛽)
where sin𝛽 = 𝑐𝑠/𝑣𝑟. For the far-field compressive stress along the princi-
pal direction to become yet more compressive we must have Ψ − Ψ∆𝜎 <
𝜋/4 which implies that Ψ < 𝜋/4 − 0.5 tan−1 (cot 2𝛽) = 390 to 420 when
1.5𝑐𝑠 < 𝑣𝑟 < 1.6𝑐𝑠. Thus the above constraints on pre-stress direction
make it plausible that stresses in the far-field caused the ground cracking.

4.3 Off-fault Damage at Transition

4.3.1 The 1999 𝑀𝑤 7.4 Izmit ; 2001 𝑀𝑤 7.8 Kunlun ; 2002 𝑀𝑤 7.9 De-
nali & 2013 𝑀𝑤 7.5 Craig earthquakes

The theoretical analysis of the stress state at the rupture tip during the ac-
celeration from sub-Rayleigh to supershear speeds suggests the existence of
a gap in coseismic off-fault damage at the supershear transition. In nature,
the extent of coseismic off-fault damage could be reflected in the spatial
distribution of early near-fault aftershocks (occurring around a week after
the main earthquake). When reanalysing the regions where established su-
pershear ruptures transitioned from sub-Rayleigh to supershear speeds, the
precise location of the transition should then be highlighted by a local de-
crease in the aftershock intensity and its spatial extent. Assuming that the
nucleation of early aftershocks are mainly governed by the stress state left
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in the wake of the earthquake, we analyse the spatial and temporal distri-
bution of relocated aftershocks for three well-known supershear ruptures:
the 𝑀𝑤 7.4 1999 Izmit (Turkey) earthquake (Bouchon & Karabulut, 2008;
Bouchon et al., 2001) (Figure 4.10a), the𝑀𝑤 7.9 2002Denali (Alaska) earth-
quake (Ellsworth et al., 2004a) (Figure 4.10d), and the 𝑀𝑤 7.5 2013 Craig
(Alaska) earthquake (Yue et al., 2013) (Figure 4.10g).

For these examples, we compute the seismic moment released by the
aftershocks at a distance of less than 5 km from the main fault, and, for
different periods of time after the mainshock: 1-3 days, 1, 2, 3 weeks and
1 month (Figures 4.10 c, f, and i). When focusing on the region where the
rupture is expected to transition supershear, we systematically observe a
small region (∼ 5–15 km) characterised by reduced seismicmoment release
and a clear lack of aftershocks (Figure 4.10 b, c, e, f, h and i, pink boxes).
This feature is spatially persistent, no matter the distance considered when
computing the cumulative seismic moment released. Note that the cumu-
lative seismic moment systematically rises after 3 weeks in this transition
region, potentially related to postseismic deformation. This inferred tran-
sitional region actually co-locates with the region of maximum afterslip for
each event (Ding et al., 2015; Freed et al., 2006; Hearn et al., 2009). This de-
layed increase in near-fault deformation confirms that the observed gap in
the early aftershocks productivity (less than 3 weeks after the mainshock)
is mostly related to the mainshock dynamic rupture, that is the supershear
transition (see Methods Section for details in the Catalogs and statistical
analysis of the results).

As high-resolution aftershocks catalogs are not available for all super-
shear ruptures, we explore a new method to investigate the spatial evolu-
tion of near fault coseismic damage, by focusing on the width of the dam-
age zone generated during the earthquake. Recent developments in satel-
lite optical image analysis and sub-pixel correlation methods now allow for
the detection of displacement variations due to an earthquake down to a
resolution of one meter. Noting that, for earthquakes of large magnitudes
(𝑀𝑤 ≥ 7), fault zones (fault core and damage zone) are usually of metric-
to kilometric-scale (Gold et al., 2015), we apply this method to the 𝑀𝑤 7.8
2001 Kunlun (China) earthquake (Bhat et al., 2007; Robinson et al., 2006b;
Vallée et al., 2008). Displacement profiles normal to the fault are computed
using pre- and post-earthquake images and are used to infer the width of
the fault zone (fault core and damage zone), produced by the earthquake
(Figure 4.11, see Methods Section for details in the methodology and the
Supplementary Information for details on the data employed in the analy-
sis). While the overall mean of the fault zone width is around 238 meters,
we observe a clear localised region, ∼ 11 km-long, where damage largely
reduced down to a mean of 127 meters, located around what was previ-
ously inferred as the supershear transition zone (Vallée et al., 2008). As ex-
pected from theoretical analysis and numerical modelling, the supershear
transitionwould be characterised by a significant reduction in damage zone
width. We acknowledge here that the aftershock catalog of Robinson and
colleagues Robinson et al., 2006b also alludes to the same conclusion. How-
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Figure 4.10:High-ResolutionAftershockCatalogAnalysis. 1-month aftershock distribution for Izmit (a), Denali (d), andCraig (g) earthquakes,
color-coded by time and indicating the respective event epicentre (color-coded star) and focal mechanism. The black continuous line denotes the
surface rupture for each event. c,f,i Cumulative aftershock seismic moment release projected on the main fault (in log scale) at different temporal
scales (1-3 days, 1-2-3 weeks and 1 month), for Izmit (c), Denali (f), and Craig (i) earthquakes. All the aftershocks within a distance of 5 km from
the fault are considered in the calculation (area denoted by the black discontinuous lines in a, d and g). Color-coded arrows indicate the different
speed regimes reported for each event (green for sub-Rayleigh and orange for supershear) (Bouchon & Karabulut, 2008; Ellsworth et al., 2004a;
Yue et al., 2013), while the pink boxes indicate this work’s proposed Transition Zones. b,e,h Zoom plot of the region proposed as Transition zone
in this study for each earthquake.
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Figure 4.11: Optical Correlation Images
Analysis. a. Map of the strike slip section of
the 𝑀𝑤 7.8 2001 Kunlun (China) earthquake,
where P1 denotes the transition zone reported
for the event from seismological far-field data
(Vallée et al., 2008). b. Along-Strike fault
zone width (black) and its associated uncer-
tainty (grey), obtained from the analysis of 40
km-long profiles, sampling the fault zone every
500 m, on the surface displacement maps. The
latter is derived from correlating pre- and post-
earthquake SPOT 1-4 images. The 11 km-long
red area highlighted the specific region with a
mean fault width (red dashed line) of only 127
m compared to 238 m recorded for the rest of
the rupture (red line). The latter excludes the
area where two parallel fault strands are acti-
vated and for which the fault zone is exception-
ally large ( > 1000 m). c. Zoom of the Figure
4.11 b.

ever due to the lack of high spatio-temporal density of aftershocks in their
catalog we instead chose the above technique.

Using the theoretical framework to precisely estimate the location of
supershear transition. When applied to known supershear ruptures, this
approach allows for a better spatial localisation of the region where the
earthquake accelerates from sub-Rayleigh to supershear speeds. Obviously,
since wemodelled the earthquake as a simple 1D planar crack, future work
is necessary to evaluate the effect of 3D fault geometry in this process. Re-
gardless, the gap in coseismic off-fault damage related to supershear tran-
sition appears well-defined in natural earthquakes (Figure 4.10), even after
accounting for the uncertainty in the location of aftershocks. This approach
could thus be used as a first step to precisely locate supershear transition.

The use of relocated catalogs is already substantive in this study, as past
works who noticed a lack in near-fault aftershocks for supershear rupture
concluded that the aftershock quiescence co-located with the entire super-
shear ruptureBouchon & Karabulut, 2008. In this study, we are able to de-
fine the region of this quiescence in off-fault activity and have related it to
supershear transition. This is due to the transient shrinkage in stress con-
centration around the rupture tip as its velocity approaches the Rayleigh
wave speed. Also, the results presented in this study, are in agreement with
the published kinematic models for Izmit (Bouchon et al., 2000, 2001), De-
nali (Dunham & Archuleta, 2004; Ellsworth et al., 2004a), Craig (Yue et al.,
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2013), and Kunlun (Bouchon & Vallee, 2003; Robinson et al., 2006b; Val-
lée et al., 2008; Vallée & Dunham, 2012) earthquakes. The main difference
here is that we are able to definemore precisely the location, and the length
of the transition region, through aftershock and image correlation analysis.

However, this study is limited to careful reanalysis of regions where the
supershear transition was expected to happen. As we can see from the en-
tire fault profile, local gaps in aftershock density are obviously not a nec-
essary and sufficient condition for supershear transition. They could be
related to local changes in rupture speeds, within the sub-Rayleigh speed
regime, and this calls for further investigation. This study, for now, high-
lights the location and extent of the supershear transition, through a me-
chanics based analysis, as a first step to investigate the condition for such
transitions.

Theoretical and numerical modelling of off-fault damage both suggest
that the transition from the sub-Rayleigh to the supershear regime is char-
acterised by a reduction in the width of the damage zone and a paucity of
aftershocks. We cross-validate this predicted feature, with seismological
evidence of aftershock quiescence for the Izmit, Denali and Craig supers-
hear earthquakes, and with geodetic observations of the damage zone for
the Kunlun earthquake. These results are valid for a well-developed sub-
Rayleigh rupture that transitions to supershear speeds. Recent observations
from the Palu earthquake hint that the rupturemight have either nucleated
directly at a supershear speed, or transitioned very early on (Bao et al., 2019;
Socquet et al., 2019). For this particular case, further exploration is required
to see if similar features can be observed in the field.

In conclusion, identifying an absence of aftershocks and decrease in off-
fault damage allows us to pinpoint the location of the transition from sub-
Rayleigh to supershear speeds. Thiswork provides a new framework, guided
by theoretical fracturemechanics, to precisely locate supershear transitions
in the field. This approach offers the opportunity to revisit supershear tran-
sition zones in the field, in order to better characterise the local fault condi-
tions, and further explore the mechanical conditions for such transitions.

4.4 Supershear Tsunamis

4.4.1 The 2018 𝑀𝑤 7.5 Palu Earthquake

Devastating tsunamis are known to predominantly occur due to subduc-
tion zone earthquakes such as the 2011 𝑀𝑤 9.0 Tohoku-Oki earthquake
in Japan. However, the 2018 𝑀𝑤 7.5 Palu, Sulawesi (Indonesia) strike-slip
earthquake generated an unexpected tsunami with disastrous and deadly
effects. Since such strike-slip earthquakes are not known to generate large
tsunamis, the latter’s origin remains much debated. Here we present near-
field observational evidence that the earthquake attained supershear speed,
i.e., a rupture speed greater than the shear wave speed of the host medium.
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We study the effect of this rupture phenomenon on generation of tsunamis
by coupling the corresponding ground motion to a 1D non-linear shallow
water wave model that accounts for both the time-dependent bathymet-
ric displacement as well as, importantly, the bathymetric velocity. Using
the local bathymetric profile of Palu bay around the Pantoloan harbour
tidal gauge, our simulations clearly reproduce the motions of the observed
tsunamiwithminimal tuning of parameters. This implies thatMach fronts,
generated by a supershear earthquake, interactedwith the Palu bay to cause
the tsunami. Our results suggest that the speed of the rupture should also
be included in the assessment of tsunami hazard.

Tsunamis are well-known to be amongst the most destructive conse-
quences of earthquakes (Bryant, 2008; Pugh & Woodworth, 2014; Röbke
& Vött, 2017; Synolakis & Okal, 2005), and the 2018 Sulawesi earthquake
was no exception: it generated a devastating tsunami (Fritz et al., 2018;
Mai, 2019) in the nearby Palu bay in which hundreds were killed and tens
of thousands more displaced from their homes (ASEAN Situation Update
No.15 - Earthquake & Tsunami Sulawesi). However, this was an unex-
pected event since the earthquake was associated with the predominantly
in-plane groundmotion produced by strike-slip ruptures. As these motions
are not known to excite significant waves, the underlying physical mecha-
nisms behind the tsunami have largely remained a mystery (Syamsidik et
al., 2019). Many studies conducted to explain the phenomenon have not
arrived at definitive conclusions (Muhari et al., 2018) nor have adequately
captured tidal gauge records (Heidarzadeh et al., 2019; Jamelot et al., 2019);
the main consensus appears to be that some form of ground motion (e.g.,
landslides (Sassa & Takagawa, 2019) or the reverse-slip motion of the fault
(He et al., 2019)), amplified by the bay, is to blame.

However, a key notable feature of this earthquake is that it ruptured at
supershear speed (Bao et al., 2019; Socquet et al., 2019), which results in
a manifestation of two shock (or Mach) fronts carrying significant verti-
cal velocity with relatively slow attenuation over large distances (Dunham
& Bhat, 2008). Although the overall tsunami behaviour at Palu is likely a
combination of several effects that include these supershear dynamics as
well as landslides, recent studies by Jamelot et al. (2019), Oral et al. (2020),
and Ulrich et al. (2019) suggest that the influence from phenomena such as
the latter may be secondary: the rupture itself may have created adequate
seafloor movement to excite the tsunami, which was subsequently ampli-
fied by the shallow and narrow 2D/3D geometric features of the Palu bay.
Jamelot et al. (2019) capture amplitudes recorded by the Pantoloan tidal
gauge, but not the first phases and motions—ultimately conceding that a
dynamic study should be conducted to better understand the influence of
supershear. The model-based study of Ulrich et al. (2019), which incorpo-
rates some dynamics of supershear in the form of time-dependent ground
displacement, better captures tidal gauge records but, again, there remains
a mismatch in the first phases and arrival.

Hence the primary objective of this work is to provide themissing link in
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explaining these discrepancies andmore fully understand the role played by
supershear rupture dynamics on the generation of the Palu tsunami. In par-
ticular, we incorporate a neglected feature in the above-cited works that is a
defining characteristic of supershear earthquakes: the velocity of the ground
motion (Dunham & Bhat, 2008). Using a model validated by the first near-
field evidence of supershear at Palu, our results imply that ground speeds,
which better represent the intricacies of the Mach fronts, may further ex-
plain the observed motions of the tsunami. Since other studies (including
those investigating landslides and liquefaction) have adequately captured
much of the observed run-up amplitudes and some local inundations, the
scope of this paper is to focus on the first phases and arrival in the Pantoloan
records.

Modelling the effect of supershear velocity on tsunami generation

Using the synthetic particle motions (which, again, agree with PALP GPS
records and are generated by the 3D supershear earthquake model), a 1D
non-linear shallowwaterwavemodel incorporating timedependent bathymetry
movements in ground velocity anddisplacement (Dutykh&Clamond, 2016)
has beenutilized to simulate the generation andpropagation of the tsunami.
This employs the depth-averaged shallow water approximation of the Eu-
ler equations that can be written as a system of coupled hyperbolic partial
differential equations given by

𝜕𝐻
𝜕𝑡 + 𝜕(𝐻𝑢)

𝜕𝑦 = 0 (4.2)

𝜕(𝐻𝑢)
𝜕𝑡 + 𝜕(𝐻𝑢2)

𝜕𝑦 + 𝑔𝐻 𝜕𝜂
𝜕𝑦 = 0 (4.3)

The domain of validity is given by 0 ≤ 𝑦 ≤ 𝐿 ; 𝑡 ≥ 0. Here, 𝑢(𝑦, 𝑡) is
the fluid velocity, 𝜂(𝑦, 𝑡) is the sea surface height and 𝐻(𝑦, 𝑡) = ℎ0(𝑦) +
ℎ(𝑦, 𝑡) + 𝜂(𝑦, 𝑡) is the absolute height from the bed-level to the water sur-
face for an initial at-rest bathymetry ℎ0(𝑦). The entire domain of length
𝐿 is subjected to a time-dependent ground perturbation ℎ(𝑦, 𝑡) which—
together with the corresponding ground velocity 𝜕ℎ(𝑦, 𝑡)/𝜕𝑡 included in
system (4.2)—sources the subsequent tsunami dynamics. In what follows,
these values are determined from the 3D supershear earthquakemodel (Dun-
ham & Bhat, 2008). The constant 𝑔 is the acceleration due to gravity.

The specific Palu bay configuration is outlined in Figure 4.12a alongwith
the governing equations defined on the horizontal 𝑦-axis, where 𝑧 = 𝜂(𝑦, 𝑡)
represents thewater height relative to the background sea level. The bathymetry
shape closely approximates that of the segment demarcated by the green
dotted line near the Pantoloan tidal gauge inFigure 4.6a (basinwidth 9.2km,
maximum depth 710m and an average slope of 7∘ to the east and 27∘ to the
west of the bay). The shallowest part is taken to be 1m, and the distance be-
tween the virtual gauge and the fault is 4.3km. The complete computational
domain is taken to be twice the basin width (𝐿 = 18.4km). Figure 4.12b
presents a temporal snapshot in the (𝑥, 𝑦)-plane (the ground surface) illus-
trating the dynamic vertical velocity field (and the associated Mach fronts)
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which is input as a synthetic source in conjunction with its corresponding
time-dependent displacement field. The fault and the sense of slip (left-
lateral) are indicated in red, and the data applied to perturb the bathymetry
is taken along the line demarcated by dark green circles (whose locations
correspond to the same markers indicated in the model domain of Figure
4.12a). For an example point located at (𝑥0, 𝑦0) and highlighted in a larger
light green circle, the plots of Figure 4.12c additionally present the temporal
evolution of both the vertical velocity (which can reach∼1m/s along the do-
main) as well as its corresponding ground displacement (which, in the 1D
setting, can reach ∼40cm). As already noted the shapes and the maximum
values of these profiles remain fairly unattenuated at large distances from
the original earthquake—a hallmark of the energy carried by supershear
shock fronts (Dunham& Bhat, 2008). For the results that subsequently fol-
low, Figures 4.12d-e additionally present the analogous inputs for classical
modelling of seismogenic tsunamis. In a classical setting (Pedlosky, 2013),
the earthquake source is often modelled as a static displacement perturba-
tion applied to the bathymetry (rather than dynamic groundmotion), i.e., a
static ℎ(𝑦, 𝑡) = ℎ(𝑦) that neither accounts for the time-dependence nor the
velocity of the sea floor (other simple approximations to more complicated
sources are also standard (Kajiura, 1963; Tanioka & Satake, 1996)). From
the supershear earthquake results, this corresponds to the final, permanent
ground displacement at the end of the temporal profiles in Figure 4.12c and
is expectedly on the order of a few centimeters.

Capturing first motions and arrival recorded at Pantoloan

Numerical solution of the non-linear shallow water wave equations has
been facilitated by a spectral Fourier continuation (FC) methodology (Am-
lani & Bruno, 2016; Lyon & Bruno, 2010) employing a bathymetry that
closely resembles the Palu bay near the Pantoloan tidal gauge (see Figures
4.6,4.12). Through use of a discrete periodic extension in space and ex-
plicit integration in time, such a solver enables high-order accuracy, mild
Courant-Friedrichs-Lewy (CFL) constraints on the temporal discretisation
and nearly dispersionless resolution of propagating waves over large dis-
tances (see Methods). Figure 4.13 presents simulation results in the (𝑡, 𝑦)-
plane (time and space) of the water height 𝑧 = 𝜂(𝑦, 𝑡) and, more impor-
tantly, presents a comparison between observations recorded every minute
by the Pantoloan tidal gauge (whose geographic location is indicated in Fig-
ure 4.6a)with that predicted by the dynamic sourcemodel (plotted in Figure
4.13 at the same frequency). The numerical modelling has been conducted
at a much higher temporal resolution (on the order of 10milliseconds), and
the Pantoloan records have been obtained and processed by the Agency for
Geospatial Information (BIG), Indonesia (http://tides.big.go.id). Remark-
ably, both the first motions and phases from the observation records are
in excellent agreement with the 1D approximation generated by excitation
from the dynamic supershear earthquake. Later phases, which can be at-
tributed to tsunami wave reflections within the Palu bay, are not as well-
captured since our model does not fully account for the localised effects of
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Figure 4.12: The non-linear tsunami model setup that incorporates displacement and velocity ground dynamics. The strike-slip fault
and its sense of motion are indicated in red in all the panels. a, Snapshot of the dynamic vertical velocity from a supershear earthquake with, b, its
temporal evolution at an example point (𝑥0, 𝑦0) (light green). c, The static displacement field due to a supershear earthquake. d, A diagram of the
non-linear shallow water wave system for tsunami height 𝜂, initial bathymetry ℎ0 and bathymetry perturbation (source) ℎ. The dark green dots
on the supershear earthquake data in (a,c) correspond to the source locations used to perturb the bathymetry domain in (d). e, The spatial profile
in 𝑦 of the static displacement field due to a supershear earthquake.
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Figure 4.13: Simulated tsunami using dy-
namic ground motion (including veloc-
ity). Spatio-temporal evolution 𝜂(𝑦, 𝑡) of the
tsunami along the Palu bay due to dynamic
bathymetry velocity and displacement from a
supershear earthquake. Normalised Pantoloan
tidal gauge records during the event are over-
laid with model predictions.

the 2D/3D bathymetric profile. Nevertheless, the tsunami arrival and pri-
mary dynamics are correctly reproduced.

Figure 4.14: Simulated tsunami using clas-
sical (static) displacement. Spatiotemporal
evolution 𝜂(𝑦, 𝑡) of the tsunami along the Palu
bay due to static displacement from a supers-
hear earthquake. Normalised Pantoloan tidal
gauge records during the event are overlaid
with model predictions.
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For comparison, Figure 4.14 presents the corresponding simulations that
are classically-sourced by the final (static) vertical displacement given by
the same supershear earthquake simulation. Although a tsunami is gen-
erated, there are large contrasts in phase, width and particularly the sign
(Figure 4.14) when compared to the Pantoloan tidal gauge observations.
This implies that the complex ground motion (which is not accounted for
by classical tsunamimodels) must be incorporated in order to correctly pre-
dict the tsunami dynamics as in Figure 4.13. We note that we have normal-
izedwater heights by their correspondingmaxima for comparison through-
out: since more energy is carried along the fault (Dunham & Bhat, 2008)
running in the direction 𝑥 (Figure 4.12), the 1D model in 𝑦 will naturally
generate lower amplitudes (of the order of half a meter). However, similar
tsunami signatures can still be expected and, indeed, Jamelot et al. (2019)
incorporated a more comprehensive (classical) model treating localised ef-
fects of the 2D/3D bathymetry but generated the samemismatches in phase
as those in Figure 4.14.

Conclusions

Hence we confirm that the Sulawesi earthquake went supershear via the
first near-field high-rate GPS-based evidence of such a rupture and that,
by modelling the corresponding effect on the generation of tsunamis in
a shallow geometry, we conclude that the ground motion resulting from
the associated Mach fronts (which carry minimally attenuated velocities to
large distances) may well have caused the Palu tsunami. Since nothing ge-
ologically specific about the bay has been introduced, our results signify
the importance of such configurations for tsunami hazard assessment due
to strike-slip earthquakes. The same physical ingredients (supershear rup-
ture and a shallow bay) may combine to produce similar effects elsewhere,
including the Tomales bay in California (which is crossed offshore by the
San Andreas fault system (Johnson & Beeson, 2019)) and the Izmit bay in
Turkey (which is crossed by theNorthAnatolian fault (Altinok et al., 2001)).
Both these regions, as well as the Palu bay, have suffered from historical
tsunamis. On the contrary, the 2012 Off Northern Sumatra earthquake and
the 2013Craig, Alaska earthquake bothwent supershear but causednegligi-
ble (or no) tsunamis since they occurred in deep oceanwithout any shallow
bay near them. Additionally, the 1999 Izmit earthquake was subshear as it
passed through the Izmit bay and thus generated only a negligible tsunami.
Hence we reemphasise that supershear rupture and a shallow bay are key
to generate significant tsunamis. We thus suggest that any rapid assess-
ment of tsunami hazard after a strike-slip earthquake should also involve a
rapid assessment of the earthquake rupture velocity as we have shown that
ultimately the focal mechanism, the depth and the speed of the rupture all
contribute towards the generation of tsunamis.
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CONCLUSIONS

In this thesis I have laid out the theoretical models of a supershear rupture
which highlighted the following key signatures of a supershear rupture.

• Supershear ruptures are stable above the Eshelby speed,
√

2𝑐𝑠.

• The near field particle velocity is dominated by the fault parallel compo-
nent for such ruptures. The opposite is true for sub-Rayleigh/ sub-shear
ruptures.

• There is a clear separation of the dilatational and the shear fields which
manifest in the ground motion.

• Supershear ruptures are, usually, trailed by a pulse traveling exactly at
the Rayleigh wave speed. This pulse has dominantly fault normal mo-
tion.

• In 3D, supershear ruptures manifest Rayleigh Mach fronts, in addition
to the shear ones. The Rayleigh Mach fronts suffer no attenuation with
distance from the fault for an ideal medium.

• At the location of transition fromsub to supershear speeds, severe Lorentz-
like contraction of the stress field should lead to minimal off-fault dam-
age.

• TheRayleighmach fronts can induce large tsunamis in a bay-like bathymetry
and will manifest as a unique signature in the tidal gauge records.

I have systematically presented experimental evidence and natural ob-
servations that support all of the above salient features of a supershear rup-
ture. Suffice to say, dynamic shear ruptures can indubitably attain
supershear speeds.

अतंः अि ूारंभः

The end is the beginning
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