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Classical View of an Earthquake
Tectonic plates try to slide past each around 
faults

The faults resist this motion due to friction

This builds up energy in the medium and 
increases stress on the faults

Once the stresses exceed frictional 
resistance the plates slide past each other 
as the fault ruptures (unzips)

This leads to a sudden release of the stored 
energy called an Earthquake

Video courtesy USGS
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Craggs (1960) : Solution for a steady state semi-infinite crack, subjected to combined mode I and mode II loading

Kostrov (1964) : Self-similar solution of a propagating shear crack

•Stable crack growth possible if energy from the surrounding linear elastic field is drawn into the crack tip 
•Only possible if rupture speed below the Rayleigh wave speed

•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. Thus forbidden. 

•Mode II shear crack will tend to propagate in the sub-Rayleigh rupture speed regime 

Weertman (1969) : Treated the crack as smeared-out dislocations  

•Supershear velocity is forbidden

0 Rayleigh Shear Pressure
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Das (1976) , Das & Aki (1977) : Numerically simulated a sub-Rayleigh to supershear rupture transition 

Freund (1979) : Solutions for the stress and particle velocities due to a 2D steady state shear crack 

•Stability of sub-shear crack propagation 
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•Showed that for 𝑆 ≤ 1.77 results in supershear rupture
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Theory
Sub to Supershear Transition

Burridge (1973) & Andrews (1976) : Mother-Daughter transition mechanism 

above; their wavefields consist of waves propagating with a
spectrum of phase velocities.
[9] In this work, time and distance will be measured from

the point of departure from steady conditions (either from
nucleation, before which the medium is at rest, or from the
perturbation of initially steady propagation). The process
will be centered on (x, t) = (0, 0), and the length of the sub-
Rayleigh main rupture, as measured from the origin, is
denoted as L. Throughout this work, the ruptures are taken
to occur within an infinite homogeneous elastic medium
split by a planar fault at y = 0. The medium is linear elastic
and is characterized by its shear modulus m and P and S
wave speeds cp and cs, respectively. The Rayleigh wave
speed is cR, and all results are for Poisson solids. Slip is
constrained to the x direction, such that a mode-II rupture
propagates along the x axis.
[10] As stated before, this work focuses on simple exam-

ples of nonsteady rupture processes. In developing quanti-
tative models of the supershear transition, the rupture
velocity after t = 0 but prior to the transition is taken to
be constant. The rate of stress release on the fault then
depends on the spatial distribution of the stress field that the
rupture encounters and negates, as well as any variations in
the residual strength of the fault. The change in stress may
either be constant, as is the case for expanding ruptures with
a constant stress drop, or may decay as some power of
distance from x = 0. Since ruptures ultimately redistribute
stress on the fault (releasing it within the rupture and
loading the surrounding locked regions), the rate of stress
release determines the time dependence of the amplitude of
any stress waves appearing ahead of the propagating rupture
(which might trigger supershear growth). If the rate of stress
release is constant, then the amplitude of the stress field

ahead of the rupture remains constant in time. If the rate of
stress release decreases, then the stress-wave loading is
transient and decays as some power of time.

2.2. Formation of Daughter Crack

[11] As a first example, consider the case of a mode-II
rupture expanding bilaterally from a point at a constant sub-
Rayleigh speed leaving behind it a constant stress drop, the
self-similar crack model of Burridge [1973]. Figure 1a
shows the stress field on the fault, t(x, t), with the initial
stress, t0, subtracted out, and the resulting change in stress
due to slip, t(x, t) ! t0, appropriately nondimensionalized.
The nondimensionalization will be specific to each prob-
lem; for the example shown, it is simply the stress drop, t0
! tr. In a later case, in which the supershear transition is
initiated by stress waves induced by a jump in rupture speed
from steady state propagation with a constant dynamic
stress intensity factor K, stress will be nondimensionalized
by K/

!!!!!!!!!!!

2pcst
p

, a time-dependent factor. Despite these differ-
ences, the stress profile is rather universal, a consequence of
the transient response of an elastic medium to slip on a
planar fault. Stress on the fault begins to rise with the arrival
of the P wave and reaches a maximum just prior to the
arrival of the S wave. This feature will be referred to as the S
wave stress peak although this terminology is perhaps
misleading. At the arrival of the S wave, stress rapidly
decreases, then it rises again until the arrival of the rupture
front; the shear wavefront actually carries a rapid decrease
in stress.
[12] Figure 1b takes a closer view of the region surround-

ing the S wave stress peak. Realistic friction laws bound
stress to a peak strength, tp (in the expanding rupture
example, this is expressed nondimensionally as the seismic
S ratio). Stresses attempting to exceed this level are relaxed

Figure 1. (a) Stress field surrounding a self-similarly expanding sub-Rayleigh rupture, with arrows
marking the arrival of the P, S, and Rayleigh waves. (b) Close-up of the region near the S wave stress
peak. Imposing a peak strength, tp, (nondimensionally a value of the seismic S ratio, appearing
graphically as a horizontal dashed line on this plot) forces the growth of a daughter crack. The length of
the daughter crack, Ldc, can be estimated as the extent of the region for which t(x, t) > tp. Formation of
the daughter crack occurs only when S < Smax; Smax is associated with the maximum value of t(x, t)
propagating at the S wave speed. Smin is similar value associated with the level of the local minimum
between the main rupture front and the daughter crack.
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control the level of rake rotation; Bizzarri and Cocco [2005]), in the 2-D case only the value of S controls the
rupture behavior. For S!~1.77 the rupture speed remains below the Rayleigh wave speed [Andrews, 1976; Das,
1976; Das and Aki, 1977], so most of the values chosen ensure that supershear rupture speeds are attained.
Con!gurations A–C use the same time-weakening initiation strategy with starting speed vinit = 0.5 km/s, but

Table 3. Parameters Used in Con!guration Fa

Strength Parameter S !x (m) !t (s) Time (s) Fault Half Length (km) Lf Supershear Rupture

1.3 40 3.42 ! 10!4 16 66 Yes
1.4 40 3.42 ! 10!4 16 52 No
1.5 40 3.42 ! 10!4 16 52 No
1.6 160 1.37 ! 10!3 68 214 No
1.7 160 1.37 ! 10!3 68 214 No
1.8 160 1.37 ! 10!3 68 214 No

aThe time-weakening initiation method with vinit = 0.5 km/s is used for all the cases.

Figure 2. (a) Rupture speeds for the 24 values of S used in Con!guration A. The spatial grid size !x is 40m, and the starting
velocity is 0.5 km/s. The range [vR, vS] is marked. The two kinds of transition behavior for the smaller and larger S values are
clearly seen (light blue and light orange, respectively). (b) Schematic version of Figure 2a, which emphasizes the two rather
distinct behaviors. The vertical dashed lines indicate the birth of the daughter rupture. For values of S greater than 0.9 the
jump to the supershear speed (associated with the presence of the forbidden zone) occurs after t = 4.5 s. When S reaches
the critical value of 1.77 [Andrews, 1976], the rupture asymptotically reaches vR and remains in the sub-Rayleigh regime.

Journal of Geophysical Research: Solid Earth 10.1002/2014JB011187
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estimated from studies of borehole breakouts [Brudy et al.,
1997; Zoback and Harjes, 1997].
[24] The extent of plastic deformation increases with

decreasing seismic S ratio, as shown in Figures 7 and 9
for Y = 14! (with fs = 0.6, fd = 0.1, and tan f = 0.6) and Y =
56! (with fs = 0.45, fd = 0.045, and tan f = 0.6), respec-
tively. As S decreases, the extent of the plastic zone
increases due, in part, to the material surrounding the fault
being closer to failure initially, with CF increasing from
0.79 to 0.93 for Y = 14! and from 0.47 to 0.65 for Y = 56!,
as S decreases from 1.5 to 0.75.
[25] Strong evidence of strain localization is observed for

Y = 56! in Figures 9a and 9b. These features remain present
with increasing grid refinement and their spacing, at least at
the grid resolution shown, is set by the grid size.Rudnicki and
Rice [1975] found that materials with pressure-dependent
yielding can have localization of deformation (which corre-
sponds dynamically to planar deformation waves with zero
propagation speed) even during quasi-static deformation

with (sufficiently small) positive hardening. We will discuss
the localization features we observe subsequently.

4.4. Effects on Rupture Dynamics

[26] Simulations of crack-like dynamic shear rupture in a
homogenous elastically deforming material show that, far
behind the leading edge of a propagating rupture, the change
in fault-parallel stress sxx is a small fraction of the stress drop,
with sxx becoming more compressive on the compressive
side of the fault, and more tensile on the extensional side of
the fault. In our analyses of dynamic rupture in material
with elastic-plastic response, we instead observe a signifi-
cant residual sxx within the zone of plastic deformation left
behind the rupture front. Figure 10 shows sxx becomes less
compressive in a zone of plastic deformation on the com-
pressional side of the fault while it becomes more compres-
sive in a zone of plastic deformation on the extensional side,
irrespective of the angle of most compressive stress. The
differences between the residual sxx on the compressional
and extensional sides of the fault, if they could be measured,
could be used as an indicator of rupture directivity in the
most recent event since fault-parallel stresses in the zone of
inelastic deformation will be less compressive on the
compressional side of the fault and more compressive on
the extensional side. This is at least so if sxx is equal on both
sides before rupture; that need not be the case. A complete
study of this point, not provided here, will require attention
to the effects of multiple prior ruptures, including cases with
different directivities.
[27] Plastic deformation around a propagating shear crack

can result in slower rupture acceleration and altered slip

Figure 13. Contours of shear stress and equivalent shear
plastic strain during rupture propagation in an elastic-plastic
material are shown for three times forY = 56!, CF = 0.41, S =
0.6, and h = 0. The contour plots show the formation of a
daughter crack and transition to supershear rupture. Details of
shear stress evolution along the fault are shown in Figure 12.

Figure 14. Contours of change in critical hardening, (hcr!
hcr0)/G, around the rupture tip for Y = 56!, shown for a
rupture propagation distance of 12.6R0. Positive changes in
critical hardening on the extensional side of the fault promote
localization in the DP material while negative changes on the
compressional side stabilize against localization.
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could be used as an indicator of rupture directivity in the
most recent event since fault-parallel stresses in the zone of
inelastic deformation will be less compressive on the
compressional side of the fault and more compressive on
the extensional side. This is at least so if sxx is equal on both
sides before rupture; that need not be the case. A complete
study of this point, not provided here, will require attention
to the effects of multiple prior ruptures, including cases with
different directivities.
[27] Plastic deformation around a propagating shear crack

can result in slower rupture acceleration and altered slip

Figure 13. Contours of shear stress and equivalent shear
plastic strain during rupture propagation in an elastic-plastic
material are shown for three times forY = 56!, CF = 0.41, S =
0.6, and h = 0. The contour plots show the formation of a
daughter crack and transition to supershear rupture. Details of
shear stress evolution along the fault are shown in Figure 12.

Figure 14. Contours of change in critical hardening, (hcr!
hcr0)/G, around the rupture tip for Y = 56!, shown for a
rupture propagation distance of 12.6R0. Positive changes in
critical hardening on the extensional side of the fault promote
localization in the DP material while negative changes on the
compressional side stabilize against localization.
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estimated from studies of borehole breakouts [Brudy et al.,
1997; Zoback and Harjes, 1997].
[24] The extent of plastic deformation increases with
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Rice [1975] found that materials with pressure-dependent
yielding can have localization of deformation (which corre-
sponds dynamically to planar deformation waves with zero
propagation speed) even during quasi-static deformation

with (sufficiently small) positive hardening. We will discuss
the localization features we observe subsequently.
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[26] Simulations of crack-like dynamic shear rupture in a
homogenous elastically deforming material show that, far
behind the leading edge of a propagating rupture, the change
in fault-parallel stress sxx is a small fraction of the stress drop,
with sxx becoming more compressive on the compressive
side of the fault, and more tensile on the extensional side of
the fault. In our analyses of dynamic rupture in material
with elastic-plastic response, we instead observe a signifi-
cant residual sxx within the zone of plastic deformation left
behind the rupture front. Figure 10 shows sxx becomes less
compressive in a zone of plastic deformation on the com-
pressional side of the fault while it becomes more compres-
sive in a zone of plastic deformation on the extensional side,
irrespective of the angle of most compressive stress. The
differences between the residual sxx on the compressional
and extensional sides of the fault, if they could be measured,
could be used as an indicator of rupture directivity in the
most recent event since fault-parallel stresses in the zone of
inelastic deformation will be less compressive on the
compressional side of the fault and more compressive on
the extensional side. This is at least so if sxx is equal on both
sides before rupture; that need not be the case. A complete
study of this point, not provided here, will require attention
to the effects of multiple prior ruptures, including cases with
different directivities.
[27] Plastic deformation around a propagating shear crack

can result in slower rupture acceleration and altered slip

Figure 13. Contours of shear stress and equivalent shear
plastic strain during rupture propagation in an elastic-plastic
material are shown for three times forY = 56!, CF = 0.41, S =
0.6, and h = 0. The contour plots show the formation of a
daughter crack and transition to supershear rupture. Details of
shear stress evolution along the fault are shown in Figure 12.

Figure 14. Contours of change in critical hardening, (hcr!
hcr0)/G, around the rupture tip for Y = 56!, shown for a
rupture propagation distance of 12.6R0. Positive changes in
critical hardening on the extensional side of the fault promote
localization in the DP material while negative changes on the
compressional side stabilize against localization.
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STICK-SLIP PROPAGATION VELOCITY AND SEISMIC SOURCE MECHANISM 1623 

goes by, the sensor starts to record tension (if the sensors are located on the opposite 
side of the crack, the sense will be reversed). For  gage 1, for example, only a slight com- 
pression is recorded before the extension sets in. For higher number gages, the duration 
of compression increases. Gage 5 records only very slight sense reversal before the rupture 
terminates. (3) As the end is reached, a stopping phase propagates at P velocity, which 
initiates the final equilibrium phase. It seems that the final equilibrium is attained 
exponentially. 

FIG. 1 B. Polariscope picture showing stress concentrations along the crack. 

The first observation has been studied theoretically (e.g., Chinnery, 1964). This 
can be simply understood from the fact that the ends are points of vanishing displace- 
ments and the middle portion of the crack has the maximum displacement; therefore, 
the net strain is highest near the ends, with compression at one end and tension at the 
other, and with no strain change near the middle of the crack. 

The second observation includes the main dynamic process taking place during the 
"rupture propagation" phase. The correlation of particular points on the traces allows 
us to measure the stick-slip propagation velocity. In Figure 3, we have plotted the time 
of the compressive maxima on the traces (before the stopping phases) and the corre- 
sponding calculated rupture velocities. This method of velocity determination may not be 
strictly correct. One of the possible errors involved is that the dislocation width and/or 
the distribution function may differ (Weertman, 1969), and the near-field radiation 
pattern changes as the rupture accelerates. Thereby, the position of the maximum strain 
with respect to the tip of the dislocation may vary. Thus, the shape of the position-time 
curve in the accelerating phase may not be accurate. However, when the propagation 
reaches terminal velocity this method is correct. 

STICK-SLIP PROPAGATION VELOCITY AND SEISMIC SOURCE MECHANISM 1625 

STOPPING PHASE 
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FiG. 2B. Explanat ion  o f  the  ma in  features  o f  the  s train records.  

Cz receives a large signal after an initial small disturbance. This large signal is apparently- 
associated with the passing of the rupture. Thereafter, the signal decreases in strength 
although there seem to be several definite pulses. Signal amplitude recorded by Ci 
steadily increases until a burst of high amplitude waves arrive, again probably associated 
with the passing of  the rupture. After the burst, motion diminishes rather sharply. C9 
and CI have the shortest intervaIs between the apparent start and the end of  the wave 
train. The large pulses at C~ and C2 are probably the near-field radiation from the crack. 
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FIG. 3. Stick-slip p ropaga t ion  velocity measured  f rom the  s t ra in  records.  The  P-wave  velocity o f  the  

material  is 1.85 kin/see and  tha t  o f  the  S wave, 1.12 kin/see. 

All three traces show that there are about seven pulses, indicating that the propagation 
is not as smooth as revealed by the strain-records. These do not appear on the strain 
records because the strain is proportional to the integral of  the piezoelectric signal. 
Piezoelectric devices are in general ill-calibrated for nonresonance applications. Perhaps 
the nature of C1, C2, and C 9 signals can be approximated by making an analogy to a 
spring and mass system coupled to a generator: when the signal frequency is much lower 
than the resonance frequency of the oscillating system, the output is proportional to the 
time derivative of acceleration. (In our case, the signal frequency is 100 to 150 KHz  and 
the resonance frequency of the transducers is ~-0.5 MHz.) 

Supershear ~ 1.1cs
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speed tests performed in a drop weight tower (Lambros and Rosakis, 1994a,b) and 
to avoid shattering the PMMA side of the specimen, it was chosen to always impact 
the steel side (see Fig. 3). 

A short time after impact, about 30 ps, the precrack lying on the interface initiates 
and a dynamic crack propagates along the interface. The technique of CGS in trans- 
mission was used in conjunction with high speed photography to record dynamic 
crack tip fields in a region surrounding the propagating crack. The light source used 
was a Spectra-Physics argon-ion pulsed laser (model 166-09) operating at a wavelength 
of 1 = 514.5 nm (green light). Since PMMA is transparent and steel opaque to this 
wavelength, only half the laser beam exits the specimen. We are therefore able to 
record deformation fields only in the PMMA half of the specimen. After emergence 
from the specimen, the beam is processed by two diffraction gratings (see Fig. 2) 
located at a distance A = 50 mm apart. They are Ronchi line gratings on glass with a 
40 line mm-’ ruling. This corresponds to a pitch p = 0.0254 mm. The angular sen- 
sitivity of the interferometer with these settings is 0.015” (fringe))‘. The imaging 
medium used in the experiments was a rotating mirror type high speed camera (Cordin 
Co., model 330A). Filtering of the + 1 or - 1 diffraction orders was performed 
internally in the camera using appropriate optics. The camera was typically run at an 
interframe time of 1.2 11s (about 840,000 frames s-l). Individual frames were obtained 
by operating the laser light source in a pulsed mode. The exposure time used in all 
experiments (i.e. the laser pulse duration) was 30 ns. However, because of light losses 
in the optical components, very sensitive 35 mm black and white film was used (Kodak 
TMAX-3200). Because the total number of frames obtainable by this camera is 80, 
at a framing rate of 1.2 ,US the total image recording time is about 95 ps. This means 
that precise triggering of the laser is very important. A strain gauge placed on the 
specimen at the point of impact senses the impacting projectile, and its signal is used 
to initiate pulsing of the light source. 
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•First recorded image of a supershear rupture!
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line with the notch; it invariably kinks in the
local symmetric opening direction. To make
shear crack growth possible by suppressing
kinking, we introduced a weak plane ahead of
the notch tip in the form of a bond between
two identical pieces of isotropic material. The
bonding process was carefully chosen so that
the constitutive properties of the bond were
close to those of the bulk material. We thus
constructed a material system that, although
not monolithic, can be considered homoge-
neous with regard to its linear elastic consti-

tutive description. However, fracture tough-
ness along the bond line is lower, so that the
material is inhomogeneous with regard to its
fracture properties. The notion of inhomoge-
neity in fracture toughness is not contained
in any of the continuum models discussed
above, which do not feature a fracture crite-
rion. However, the weak bond line of the
experimental specimens is equivalent to the
straight-line crack path prescribed by these
models.

Dynamic photoelasticity (Fig. 1) was cho-

sen for capturing the stress field near the
propagating crack tip because of its ability to
visualize shear shock waves anticipated by
the intersonic crack solutions. Two identical
plates of Homalite-100, a brittle polyester
resin that exhibits stress-induced birefrin-
gence, were bonded together and a notch was
machined along the bond line at one edge. In
addition, a number of specimens were also
bonded by temperature-enhanced surface sin-
tering (6 ), which does not involve any bond-
ing agent. With this method there is no am-
biguity regarding the constitutive homogene-
ity of the resulting bonded structure.

The specimen was subjected to asymmet-
ric impact loading with a projectile at 25 m/s
(Fig. 1). Sequences of isochromatic fringe
patterns were recorded around a shear crack
as it initiated and propagated along the inter-
face between two Homalite halves (Fig. 2)
(16 ). In Fig. 2A, the field of view encom-
passes the notch tip. The notch as well as the
initial loading pulse are clearly visible in the
first frame. The wave front is almost vertical,
indicating that the notch is subjected to pre-
dominantly shear loading. In the next frame
we see the wave diffraction around the notch
tip and simultaneously observe the stress con-
centration building up. In the next frame we
can discern a crack propagating dynamically
along the interface after initiating from the
notch tip. In Fig. 2B, the field of view is
located downstream from the notch tip. In the
first frame, we see a crack entering the field
of view around which the shape of the iso-
chromatic fringe pattern has changed drasti-
cally, and in the next frame we can clearly
distinguish two lines radiating from the crack
tip across which the fringe pattern changes
abruptly (lines of shear stress discontinuity).
These two lines correspond to the two trav-
eling shear shock waves, which limit the
spread of shear waves emanating from the
crack tip as it propagates along the interface.
The inclination of the shock waves indicates
that the crack tip has exceeded the shear wave
speed of Homalite, and has become inter-
sonic. The fringe pattern around the propa-
gating crack in the last frame is similar to that
in the previous frame, indicating that the
propagating crack has reached a steady state.

Crack tip speeds, v, were determined in-
dependently from the crack length history as
well as from the inclination, !, of the shock
waves to the crack faces (v " cS/sin !). From
the crack tip speed histories in Fig. 3, we see
that the initially recorded crack tip speed is
close to the shear wave speed of Homalite
(within experimental error of #100 m/s) be-
yond which it accelerates (on the order of 108

ms–2), thus becoming intersonic. Thereafter,
it continues to accelerate up to the plane
stress dilatational wave speed of Homalite,
then decelerates and ultimately reaches a
steady-state value of about $2 times the

Fig. 1. The dynamic photoelasticity setup. A Homalite-100 (29) specimen is subjected to asym-
metric impact by a projectile fired from a high-speed gas gun. The coordinate system (x1, x2, x3)
is centered at the crack tip. Dimensions are in millimeters. The specimen is 4 mm thick and the
bond thickness is about 20 to 30 %m. The initial notch is 25 mm long and 2.3 mm wide. For
Homalite-100, cL " 2200 m/s and cS " 1255 m/s. The steel projectile (length 75 mm, diameter 50
mm) impacts a steel piece, which was bonded to the specimen at the impact site to prevent
shattering and to induce a planar loading wave front. The compressive longitudinal wave loads the
notch tip in a predominantly shear mode. The dynamic stress field produced by the loading was
recorded using photoelasticity in conjunction with high-speed photography. A coherent, mono-
chromatic, plane-polarized, collimated laser beam (diameter & " 50 mm) was transmitted through
the specimen. The specimen was placed in a circular polariscope, and the resulting isochromatic
fringe pattern was recorded by a rotating mirror-type high-speed camera capable of recording 80
frames at framing rates up to 2 million frames per second.

Fig. 2. Selected sequence of high-speed images showing the isochromatic fringe pattern around a
propagating shear crack along a weak plane in Homalite-100. (A) Field of view enclosing the notch
tip. (B) Field of view ahead of the notch tip. The frames included in the sequence are selected from
two different experiments performed under identical conditions, except for the position of the field
of view. Time after impact and crack tip speed are shown in each frame.
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patterns were recorded around a shear crack
as it initiated and propagated along the inter-
face between two Homalite halves (Fig. 2)
(16 ). In Fig. 2A, the field of view encom-
passes the notch tip. The notch as well as the
initial loading pulse are clearly visible in the
first frame. The wave front is almost vertical,
indicating that the notch is subjected to pre-
dominantly shear loading. In the next frame
we see the wave diffraction around the notch
tip and simultaneously observe the stress con-
centration building up. In the next frame we
can discern a crack propagating dynamically
along the interface after initiating from the
notch tip. In Fig. 2B, the field of view is
located downstream from the notch tip. In the
first frame, we see a crack entering the field
of view around which the shape of the iso-
chromatic fringe pattern has changed drasti-
cally, and in the next frame we can clearly
distinguish two lines radiating from the crack
tip across which the fringe pattern changes
abruptly (lines of shear stress discontinuity).
These two lines correspond to the two trav-
eling shear shock waves, which limit the
spread of shear waves emanating from the
crack tip as it propagates along the interface.
The inclination of the shock waves indicates
that the crack tip has exceeded the shear wave
speed of Homalite, and has become inter-
sonic. The fringe pattern around the propa-
gating crack in the last frame is similar to that
in the previous frame, indicating that the
propagating crack has reached a steady state.

Crack tip speeds, v, were determined in-
dependently from the crack length history as
well as from the inclination, !, of the shock
waves to the crack faces (v " cS/sin !). From
the crack tip speed histories in Fig. 3, we see
that the initially recorded crack tip speed is
close to the shear wave speed of Homalite
(within experimental error of #100 m/s) be-
yond which it accelerates (on the order of 108

ms–2), thus becoming intersonic. Thereafter,
it continues to accelerate up to the plane
stress dilatational wave speed of Homalite,
then decelerates and ultimately reaches a
steady-state value of about $2 times the

Fig. 1. The dynamic photoelasticity setup. A Homalite-100 (29) specimen is subjected to asym-
metric impact by a projectile fired from a high-speed gas gun. The coordinate system (x1, x2, x3)
is centered at the crack tip. Dimensions are in millimeters. The specimen is 4 mm thick and the
bond thickness is about 20 to 30 %m. The initial notch is 25 mm long and 2.3 mm wide. For
Homalite-100, cL " 2200 m/s and cS " 1255 m/s. The steel projectile (length 75 mm, diameter 50
mm) impacts a steel piece, which was bonded to the specimen at the impact site to prevent
shattering and to induce a planar loading wave front. The compressive longitudinal wave loads the
notch tip in a predominantly shear mode. The dynamic stress field produced by the loading was
recorded using photoelasticity in conjunction with high-speed photography. A coherent, mono-
chromatic, plane-polarized, collimated laser beam (diameter & " 50 mm) was transmitted through
the specimen. The specimen was placed in a circular polariscope, and the resulting isochromatic
fringe pattern was recorded by a rotating mirror-type high-speed camera capable of recording 80
frames at framing rates up to 2 million frames per second.

Fig. 2. Selected sequence of high-speed images showing the isochromatic fringe pattern around a
propagating shear crack along a weak plane in Homalite-100. (A) Field of view enclosing the notch
tip. (B) Field of view ahead of the notch tip. The frames included in the sequence are selected from
two different experiments performed under identical conditions, except for the position of the field
of view. Time after impact and crack tip speed are shown in each frame.
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(!y – !)/(! – ! f )]. The parameters !, !y, and !f

are the resolved shear stress on the fault and
the static and the dynamic strength of the
fault, respectively, which describe the linear
slip-weakening frictional law (21). In our
experiment, s can be expressed as s " (#scos
$ – sin $)/(sin $ – #dcos $), where #s and #d

are the static and dynamic coefficients of
friction, respectively. Andrews’ result can be
written as L " Lc f (s). The function f (s) has
been given numerically and can be approxi-
mated by f (s) " 9.8(1.77 – s)–3. The normal-
izing length, Lc, is the critical length for
unstable rupture nucleation and is proportion-
al to the rigidity, G, and to d0, which is the
critical or breakdown slip of the slip-
weakening model. L can then be expressed as

L" f (s)[(1 % v)/&][(!y – ! f )/

(! – ! f )2]Gd0 (1)

Applying Eq. 1 to our experiments, the tran-
sition length is inversely proportional to the
applied uniaxial pressure, P, as

L " f (s)[(1 % v)/&]G[(#s – #d)/

(tan $ – #d)2](d0/P) (2)

We can compare our experiments to An-
drews’ theory (Fig. 4). Although the theory

qualitatively captures the trends of the exper-
iments, the data exhibit a dependence on
pressure stronger than P–1.

A natural way to modify Andrews’ results
is to introduce some microcontact physics
and to thus consider the effect of pressure on
d0. We first note that there exists a linear
relation between a characteristic surface
length (half-distance between contacting as-
perities, D) and the critical slip distance d0

{d0 " c[(!y – ! f)/! f]MD, where c and M are
constants} (22). We then denote the normal
stress applied on the fault as ' (' " Pcos2$)

and assume that the average radius of n con-
tacting asperities, a0, is constant. As the pres-
sure over a macroscopic contact area, A
(equal to n&D2), is increased, n, as well as the
real contact area, Ar (equal to n&a0

2), in-
crease. By defining the hardness, H, as the
ratio of the normal force N to Ar (23), N can
be expressed as N " HAr " 'A " APcos2$.
Substitution of A and Ar in terms of D and a0,
respectively, gives D " (H a0cos $P–1/2.
With the use of the relation d0 $ D, d0 is
found to depend on the pressure as d0 $ P–1/2.
By further using Eq. 2, a modified expression

Fig. 1. The diagnostics is pho-
toelasticity combined with high-
speed photography (up to 108
frames/s). The fault system is
simulated by using two pho-
toelastic plates (homalite-100,
shear modulus G " 1.4 GPa,
Poisson’s ration " 0.35, density
) " 1200 kg/m3) held together
by friction. The interface (fault)
is inclined at an angle $ to the
horizontal promoting strike-slip
rupture events (A). The carefully
prepared interface has a mea-
sured static coefficient of
friction #s " 0.6; the dynamic
coefficient of friction #d is esti-
mated by finding the critical $
of triggered events, which is be-
tween 10° and 15°, and hence
#d " 0.2 is estimated. The far-
field tectonic loading is simulat-
ed by uniaxial compression ex-
erted at the top and bottom
ends of the system by a hydrau-
lic press (B). The dynamic rup-
ture is nucleated at the center
of the simulated fault by pro-
ducing a local pressure pulse in a
small area of the interface (17).
A thin wire of 0.1 mm in diam-
eter is inserted in a small hole of
the same size. An electronic
condenser is then discharged,
turning the metal into expand-
ing plasma to provide the con-
trollable pressure pulse (C).

Fig. 2. Purely sub-Rayleigh ($ " 25° and P " 7 MPa) (A) and purely supershear ($ " 25° and P "
15 MPa (B) rupture at the same time (28 #s) after triggering.
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•First laboratory evidence of Supershear Ruptures
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are the resolved shear stress on the fault and
the static and the dynamic strength of the
fault, respectively, which describe the linear
slip-weakening frictional law (21). In our
experiment, s can be expressed as s " (#scos
$ – sin $)/(sin $ – #dcos $), where #s and #d

are the static and dynamic coefficients of
friction, respectively. Andrews’ result can be
written as L " Lc f (s). The function f (s) has
been given numerically and can be approxi-
mated by f (s) " 9.8(1.77 – s)–3. The normal-
izing length, Lc, is the critical length for
unstable rupture nucleation and is proportion-
al to the rigidity, G, and to d0, which is the
critical or breakdown slip of the slip-
weakening model. L can then be expressed as

L" f (s)[(1 % v)/&][(!y – ! f )/

(! – ! f )2]Gd0 (1)

Applying Eq. 1 to our experiments, the tran-
sition length is inversely proportional to the
applied uniaxial pressure, P, as

L " f (s)[(1 % v)/&]G[(#s – #d)/

(tan $ – #d)2](d0/P) (2)

We can compare our experiments to An-
drews’ theory (Fig. 4). Although the theory

qualitatively captures the trends of the exper-
iments, the data exhibit a dependence on
pressure stronger than P–1.

A natural way to modify Andrews’ results
is to introduce some microcontact physics
and to thus consider the effect of pressure on
d0. We first note that there exists a linear
relation between a characteristic surface
length (half-distance between contacting as-
perities, D) and the critical slip distance d0

{d0 " c[(!y – ! f)/! f]MD, where c and M are
constants} (22). We then denote the normal
stress applied on the fault as ' (' " Pcos2$)

and assume that the average radius of n con-
tacting asperities, a0, is constant. As the pres-
sure over a macroscopic contact area, A
(equal to n&D2), is increased, n, as well as the
real contact area, Ar (equal to n&a0

2), in-
crease. By defining the hardness, H, as the
ratio of the normal force N to Ar (23), N can
be expressed as N " HAr " 'A " APcos2$.
Substitution of A and Ar in terms of D and a0,
respectively, gives D " (H a0cos $P–1/2.
With the use of the relation d0 $ D, d0 is
found to depend on the pressure as d0 $ P–1/2.
By further using Eq. 2, a modified expression

Fig. 1. The diagnostics is pho-
toelasticity combined with high-
speed photography (up to 108
frames/s). The fault system is
simulated by using two pho-
toelastic plates (homalite-100,
shear modulus G " 1.4 GPa,
Poisson’s ration " 0.35, density
) " 1200 kg/m3) held together
by friction. The interface (fault)
is inclined at an angle $ to the
horizontal promoting strike-slip
rupture events (A). The carefully
prepared interface has a mea-
sured static coefficient of
friction #s " 0.6; the dynamic
coefficient of friction #d is esti-
mated by finding the critical $
of triggered events, which is be-
tween 10° and 15°, and hence
#d " 0.2 is estimated. The far-
field tectonic loading is simulat-
ed by uniaxial compression ex-
erted at the top and bottom
ends of the system by a hydrau-
lic press (B). The dynamic rup-
ture is nucleated at the center
of the simulated fault by pro-
ducing a local pressure pulse in a
small area of the interface (17).
A thin wire of 0.1 mm in diam-
eter is inserted in a small hole of
the same size. An electronic
condenser is then discharged,
turning the metal into expand-
ing plasma to provide the con-
trollable pressure pulse (C).

Fig. 2. Purely sub-Rayleigh ($ " 25° and P " 7 MPa) (A) and purely supershear ($ " 25° and P "
15 MPa (B) rupture at the same time (28 #s) after triggering.

R E P O R T S

19 MARCH 2004 VOL 303 SCIENCE www.sciencemag.org1860



Experiments



Experiments



Experiments
Mello, Bhat et al. (2010, 2016) : Experimental Validation of Ground Motion Signatures of Supershear Earthquakes



Experiments
Mello, Bhat et al. (2010, 2016) : Experimental Validation of Ground Motion Signatures of Supershear Earthquakes

Right-Lateral/Left-Traveling
Trailing sub-Rayleigh Rupture

Right-Lateral/Left-Traveling
      Supershear Rupture 

Right-Lateral/Right-Traveling
         Supershear Rupture 

Right-Lateral/Right-Traveling
Trailing sub-Rayleigh Rupture

Leading Dilatational 
          Field Lobe

Leading Dilatational 
          Field lobe



ތގ ܯ ������
��� ����
�����

��
�ćąĔđă ܤވܥމ ܱÿܲ 
ćąĆܼĒďăăĂ ďĆĎēĎăċÿĒēćā ćČܼ
ÿąă ĎĄ ÿ đćąĆēܼĀćċÿēăđÿċ ĒĔĀܼ�ÿĘċăćąĆ đĔďēĔđă
ÿčĂ ăėďÿčĂćčą ĒܼĖÿĕă ĄđĎčē đăĒĔċēćčą ĄđĎČ ēĆă
đćąĆēܼċÿēăđÿċ đĔďēĔđă ĎĄ ÿč 
ކކއܼ ċÿĀĎđÿēĎđĘ
ăÿđēĆĐĔÿĊă ĒďăāćČăčܥ ܱĀܲ �ćąĆēܼĀćċÿēăđÿċ ĒĔܼ
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Fig. 2. (A) Schematic of the 3D laboratory specimen hosting a dynamic earthquake rupture along a fault. (B) The region of interest around laboratory station, (xL , yL),
corresponding to the region depicted in Fig. 1B. (C) Mosaic image of the fault surface 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.

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-
tion model which incorporated a slip weakening friction law with
a built-in healing mechanism (Nielsen and Carlson, 2000).

Motivated by the success of the dynamic simulations and the
physically based interpretation of the secondary slip-pulse, an at-
tempt was made to replicate the most striking features of the PS10
records using the laboratory earthquake arrangement (Xia et al.,
2004; Rosakis et al., 2007; Mello et al., 2010). The region of in-
terest that will be modeled experimentally is shown in Fig. 1B.
This is an ideal setting because, unlike spontaneous dynamic rup-
ture models, the governing friction law of the interface is naturally
’built-in’ and has been shown to have similar features as those for
crustal rocks (Rosakis et al., 2007; Lu, 2009).

3. Laboratory earthquake setup

Laboratory earthquake experiments were conducted using
200 mm ! 200 mm ! 12.5 mm (nominal thickness) Homalite-100
specimen assemblies featuring a 3D fault geometry and a fault ori-
ented at ! = 64" with respect to the direction of the compressive
principal stress (Fig. 2A, B). Fig. 2C shows specific details of the
new 3D specimen fault geometry. This geometry is a 3D extension
of the 2D geometry used in past laboratory earthquake studies (Xia
et al., 2004; Rosakis et al., 2007). 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
propagation to the left through contact bonding of the flat polished
surfaces of a short fault segment under the applied static com-
pressive 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 nucleation and rupture
transition zone. A NiCr filament channel is milled within 0.5 mm
of the boundary between the short polished segment and the nu-

cleation patch on the roughened side of the boundary. A sudden
discharge of current through the wire, fluidizes it resulting in a
local reduction of normal stress which leads to the nucleation
and propagation of an unstable dynamic rupture (Xia et al., 2004;
Rosakis et al., 2007). The coordinates (LT ,0) = (39,0) mm cor-
respond to a point on the surface of the specimen, 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 Fig. 2C. At the transition location, (LT ,0), a stress
concentration develops, under applied load. This stress pertur-
bation allows a sub-Rayleigh rupture to accelerate to supershear
speed (Dunham et al., 2003; Liu and Lapusta, 2008). The polished
part of the fault (of width 8 mm), situated below the rough-
ened part, 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 positioned with its lower-right corner at
the scaled PS10 location (xL, yL). The laboratory station coordi-
nates, denoted by the superscript L, will be determined in the next
section. The results from several experiments conducted in ad-
vance were also used to estimate that a critical load "1 > 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 "1 = 31 MPa. Three laser interfer-
ometer probe beams were focused on the measurement station
at (xL, yL) in order to simultaneously monitor the fault parallel
(vx), fault normal (v y), and vertical (vz) particle velocity compo-
nents at this location. Synchronized, high-speed photoelastic im-
ages (where the fringes correspond to contours of maximum shear
stress change in the medium), obtained every few microseconds,
were simultaneously acquired in order to obtain a spatially re-
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Fig. 4. Scaled laboratory station records compared with the Denali Pump Station 10
record.

(locked) fault segments. The long cylindrical 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. Figs. 3A, B depict
the sub-Rayleigh rupture as it encountered the boundary of the
locked fault segment. 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, alternatively,
as a patch of higher pre-stress (Dunham et al., 2003). The ob-
served supershear transition in the scaled PS10 experiment is no-
tably different than the classical Burridge–Andrews (Rosakis, 2002;
Rosakis et al., 2007) type transition mechanism since this transi-
tion is artificially induced. Well-formed shear Mach/shock fronts
are clearly visible in Figs. 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 cor-
respond 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 Figs. 3C–E.

The particle velocity records obtained from this experiment are
shown in Fig. 3F and Fig. 4. The leading portions of all three of
the particle velocity records are dominated by the fault paral-
lel record, as expected to be generated by a supershear rupture
front propagating at a speed in excess of

!
2cs (Rosakis, 2002;

Mello et al., 2010). 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 supershear rupture tip (Mello et al., 2010). The second veloc-
ity peak which follows immediately is accurately correlated to the
arrival of the shear Mach front. The fault parallel signal eventu-
ally reaches a steady sliding value of around 2 m/s resulting in a
crack-like rupture unlike the Denali event. The fault normal sig-
nal also features a strong trailing Rayleigh pulse, shaded in blue in
Fig. 3F, which follows immediately after the passage of the shear
Mach cone peak. The arrival of this strong pulse is very well corre-
lated with the visual evidence of the arrival of the trailing Rayleigh
pulse fringe concentration at the measuring station (Figs. 3D, E).

Fig. 4 shows the comparison between the scaled laboratory
ground motion records, using the scaling arguments developed ear-
lier, and the actual Denali PS10 ground motion records. Each point
labeled A"–H " in the laboratory particle velocity records has a cor-
responding 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 remarkably well with the PS10
ground motion records and capture all of the prominent signa-
tures. 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 normal component (A vs. B) and (A" vs. B ") is ob-
served 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 significant spatial variation of the rupture through depth. This
point is bolstered by the results of the dynamic 3D calculations by
Dunham and Archuleta (2004) which do not distinguish between
the leading dilatational field and the shear Mach front. The exper-
imental 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 corresponding
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 and Archuleta (2004) the almost antisymmetric nature of
this part of the record at PS10 reveals that the trailing Rayleigh
disturbance was pulse-like. However, since a crack-like rupture re-
sulted in the experiment, the trailing Rayleigh disturbance failed
to completely heal and hence the record is not purely antisym-
metric. Nevertheless, the result captures the same general features
and sense of motion observed in the corresponding portion of the
PS10 fault normal ground motion record, and provides strong ex-
perimental 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 vertical record obtained in
the laboratory earthquake spanning between the points F " $ H " .
and the PS10 ground motion 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 earthquakes 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 amplitude 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 laboratory 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 between 0.01 and 20 Hz) are shown in
Fig. 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 "). The modest 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 difference here is clearly the lack of the precursory di-
latational 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 = !̇xx + !̇yy + !̇zz . In the supershear regime even though the
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principal stresses s1 > s2 = s3). Stick-slip ex-
periments and earthquake mechanisms are anal-
ogous in nature because they both result from
rapid frictional sliding along preexisting faults,
leading to partial or total stress drop (16). In our
experiments, the stress conditions were typical of
the upper crust, ranging from 10 to 150 MPa in
normal stress acting on the preexisting fault. In
total, we recordedmore than 200 stick-slip events
(Fig. 1). For each event, we inverted the rupture
velocity directly from our experimental records,
using high-frequency acoustics as a tracking tool
(fig. S2).

We used recorded accelerograms to track the
Mach wavefront arrival. Theoretical arrival time
of the Mach wavefront radiated away from the
rupture tip was predicted using (i) the position of
the rupture front determined from the inverted
rupture velocity (fig. S2) and (ii) the shear wave

velocity and the distance between the Mach front
antenna (MFA) sensors to the fault, as defined in
Fig. 2A (15). Our calculation assumes that the
rupture velocity is constant. Importantly,we looked
for ruptures with Vr greater than the shear wave
speed but different that

!!!
2

p
Cs, for in this case, no

Mach cone is expected (20).
We compared our calculation with wave-

forms recorded by the MFA array for a stick-slip
event during which a supershear rupture veloci-
ty was predicted by the inversion (Fig. 2B). In
agreement with theory (21), we first observed a
weak P-wave arrival, which corresponds to the
continuous emission of P waves by the rupture
tip as it propagates. However, the signal is dom-
inated by the arrival of a large-amplitude, co-
herent 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 ex-
pected 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 confirm our estimations of the rupture ve-
locity, we used two-dimensional (2D) steady-
state rupture model to conduct simulations (21).
We observe an excellent fit, both in relative am-
plitude 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 (Fig. 3B). We observed similar
good correspondence between experimental wave-
forms and simulation of a supershear rupture
(Fig. 3C). In both cases, we obtained the best fit
between analytical and experimental records by
using the rupture velocity estimated experimen-
tally, confirming that our experimental estimate
of the rupture velocity is accurate. Furthermore,
we show that dynamic rupture models that can
accurately simulate strong groundmotions on the
kilometric scale can also simulate accelerations in
the kilohertz range on centimetric sized samples.
In other words, dynamic rupture propagation is
truly a self-similar mechanism.

Our experimental results demonstrate that the
ruptures were dominantly mode II (fig. S3). For
this mode, the transition between sub-Rayleigh
and supershear rupture has been extensively dis-
cussed in theoretical and experimental studies
(9, 12–15). Following 2D numerical studies,
this transition is generally explained in terms of
the seismic ratio S = (tp – to)/(to – tr) where tp, to,
and tr are the peak frictional strength, the initial
shear stress, and the residual frictional strength,
respectively. The ratio to/sn (where sn is the
normal stress), employed by Ben-David et al.
(14), is equivalent to S, and both quantities are
simply related by to/sn = ( fs – fd)/(1 + S) + fd
(where fs and fd are the static and dynamic friction
coefficients, respectively) (Fig. 4). In our exper-
iments, to was continuously measured (Fig. 1).
Taking fs = 0.85 and fd = 0.1, S could be estimated
for each individual stick-slip. Supershear propa-
gation may happen under both of the following
conditions: (i) S < Sc (where Sc, the critical value
of S allowing supershear transition, is equal to
1.77 or 1.119 in 2D and 3D, respectively), which
was always the case in our experiments (Fig.
4A), and (ii) when the rupture length exceeds the
transition length L, estimated following the semi-
empirical relation (9)

L ! 39:2
p"1 ! u#

1

"Sc ! S#3
mG

sn
fs ! fd
1 $ S

" #h i
2

"1#

where u, m, and G are, respectively, the Poisson
ratio, the shear modulus, and the fracture energy.
In our case, condition (ii) can be met only if L <
Lf, where Lf is the finite length of the experimen-
tal fault. In our experiments, G may range from
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the lower bound 10 J/m2, as given by single-
crystal fracture energy values and stick-slip
experiments performed at low normal stress
(19), to the upper bound 104 J/m2, measured for
intact Westerly granite samples at high
confining pressures (22). From Eq. 1, L was
calculated as a function of normal stress in two
cases: (i) S = 1 and G = 10 J/m2 and (ii) S = 0
and G = 1000 J/m2 (Fig. 4A). Experiments
performed at the lowest normal stresses are
compatible with G ! 10 J/m2. However, ex-
periments performed at intermediate normal stresses
can be explained only by using larger fracture
energy. 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 G and
surface energy of single crystals (g) isG/g ! 3w/d,
where w is the fault thickness and d is the av-
erage particle size. Our observation of gouge
particles of 1-mm diameter and smaller is con-
sistent with a fault roughness of less than 30 mm.
The match between the measured rupture veloc-
ities and the prediction that the minimum transition
length L drops to a few centimeters (comparable to

our sample size) at high normal stress (Fig. 4A)
explains why, in our experiments, supershear
rupture becomes a “normal” phenomena for sn >
60MPa. It also explains why supershear ruptures
were not clearly observed in previous experi-
mental studies on rocks conducted at low normal
stress (most often in biaxial conditions) (18, 19).

Finally, we observe a double correlation be-
tween the rupture velocity, the initial stress ratio
to/sn, and the final stress drop (Fig. 4B). Sub-
shear ruptures occurred for stress ratios to/sn <
0.6 and resulted in stress drops generally lower
than 1.5 MPa. Conversely, supershear ruptures
occurred for stress ratios to/sn > 0.7 and resulted
in stress drops generally larger than 3MPa. These
results not onlymake sense physically but are also
compatible with values previously observed on
brittle polymers (14) and with field observations
for the Kunlunshan earthquake (23). Importantly,
our findings are comparable to the average stress
drops inferred by seismologists for most large
crustal earthquakes. Note that our direct measure-
ment of the stress drop is comparable to what a
seismological estimate would be using the final
slip u (fig. S4).

Based on our experimental results, why is
there a paucity of supershear ruptures observed in
nature? A first straightforward explanation is re-
lated 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 nonplanar and exhibit self-
affine roughness (24). The occurrence of kinks
and dilatational jogs could slow down or even
arrest locally the propagation of seismic ruptures
(25). The few documented examples of super-
shear earthquakes are on very smooth, planar
fault sections (3–8). In addition, the presence of a
gouge layer along the fault interface may slow
the propagation of the rupture, as well as thermo-
hydro-mechanical coseismic processes within the
breakdown zone [such as thermal pressurization
(26), frictional melting (27), mineral reactions
(28), and off fault damage, including pulveriza-
tion (29)], which dissipate part of the released
strain energy available, resulting in a deceleration
of the rupture front. Alternatively, the paucity of
supershear rupture observation in naturemight also
be due to limitations in instrumentation and/or
spatial coverage. Nevertheless, the experimental
values of L and stress drops reported here for a
classical crustal lithology (Westerly granite) under
upper-crustal conditions (<150 MPa) demonstrate
that rupture velocity may exhibit important varia-
tions 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
rupturesmay frequently occur at the local scale of
asperities, for which the stress drop generally
inferred is quite large. In turn, these sudden ac-
celerations and 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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the lower bound 10 J/m2, as given by single-
crystal fracture energy values and stick-slip
experiments performed at low normal stress
(19), to the upper bound 104 J/m2, measured for
intact Westerly granite samples at high
confining pressures (22). From Eq. 1, L was
calculated as a function of normal stress in two
cases: (i) S = 1 and G = 10 J/m2 and (ii) S = 0
and G = 1000 J/m2 (Fig. 4A). Experiments
performed at the lowest normal stresses are
compatible with G ! 10 J/m2. However, ex-
periments performed at intermediate normal stresses
can be explained only by using larger fracture
energy. 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 G and
surface energy of single crystals (g) isG/g ! 3w/d,
where w is the fault thickness and d is the av-
erage particle size. Our observation of gouge
particles of 1-mm diameter and smaller is con-
sistent with a fault roughness of less than 30 mm.
The match between the measured rupture veloc-
ities and the prediction that the minimum transition
length L drops to a few centimeters (comparable to

our sample size) at high normal stress (Fig. 4A)
explains why, in our experiments, supershear
rupture becomes a “normal” phenomena for sn >
60MPa. It also explains why supershear ruptures
were not clearly observed in previous experi-
mental studies on rocks conducted at low normal
stress (most often in biaxial conditions) (18, 19).

Finally, we observe a double correlation be-
tween the rupture velocity, the initial stress ratio
to/sn, and the final stress drop (Fig. 4B). Sub-
shear ruptures occurred for stress ratios to/sn <
0.6 and resulted in stress drops generally lower
than 1.5 MPa. Conversely, supershear ruptures
occurred for stress ratios to/sn > 0.7 and resulted
in stress drops generally larger than 3MPa. These
results not onlymake sense physically but are also
compatible with values previously observed on
brittle polymers (14) and with field observations
for the Kunlunshan earthquake (23). Importantly,
our findings are comparable to the average stress
drops inferred by seismologists for most large
crustal earthquakes. Note that our direct measure-
ment of the stress drop is comparable to what a
seismological estimate would be using the final
slip u (fig. S4).

Based on our experimental results, why is
there a paucity of supershear ruptures observed in
nature? A first straightforward explanation is re-
lated 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 nonplanar and exhibit self-
affine roughness (24). The occurrence of kinks
and dilatational jogs could slow down or even
arrest locally the propagation of seismic ruptures
(25). The few documented examples of super-
shear earthquakes are on very smooth, planar
fault sections (3–8). In addition, the presence of a
gouge layer along the fault interface may slow
the propagation of the rupture, as well as thermo-
hydro-mechanical coseismic processes within the
breakdown zone [such as thermal pressurization
(26), frictional melting (27), mineral reactions
(28), and off fault damage, including pulveriza-
tion (29)], which dissipate part of the released
strain energy available, resulting in a deceleration
of the rupture front. Alternatively, the paucity of
supershear rupture observation in naturemight also
be due to limitations in instrumentation and/or
spatial coverage. Nevertheless, the experimental
values of L and stress drops reported here for a
classical crustal lithology (Westerly granite) under
upper-crustal conditions (<150 MPa) demonstrate
that rupture velocity may exhibit important varia-
tions 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
rupturesmay frequently occur at the local scale of
asperities, for which the stress drop generally
inferred is quite large. In turn, these sudden ac-
celerations and 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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the lower bound 10 J/m2, as given by single-
crystal fracture energy values and stick-slip
experiments performed at low normal stress
(19), to the upper bound 104 J/m2, measured for
intact Westerly granite samples at high
confining pressures (22). From Eq. 1, L was
calculated as a function of normal stress in two
cases: (i) S = 1 and G = 10 J/m2 and (ii) S = 0
and G = 1000 J/m2 (Fig. 4A). Experiments
performed at the lowest normal stresses are
compatible with G ! 10 J/m2. However, ex-
periments performed at intermediate normal stresses
can be explained only by using larger fracture
energy. 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 G and
surface energy of single crystals (g) isG/g ! 3w/d,
where w is the fault thickness and d is the av-
erage particle size. Our observation of gouge
particles of 1-mm diameter and smaller is con-
sistent with a fault roughness of less than 30 mm.
The match between the measured rupture veloc-
ities and the prediction that the minimum transition
length L drops to a few centimeters (comparable to

our sample size) at high normal stress (Fig. 4A)
explains why, in our experiments, supershear
rupture becomes a “normal” phenomena for sn >
60MPa. It also explains why supershear ruptures
were not clearly observed in previous experi-
mental studies on rocks conducted at low normal
stress (most often in biaxial conditions) (18, 19).

Finally, we observe a double correlation be-
tween the rupture velocity, the initial stress ratio
to/sn, and the final stress drop (Fig. 4B). Sub-
shear ruptures occurred for stress ratios to/sn <
0.6 and resulted in stress drops generally lower
than 1.5 MPa. Conversely, supershear ruptures
occurred for stress ratios to/sn > 0.7 and resulted
in stress drops generally larger than 3MPa. These
results not onlymake sense physically but are also
compatible with values previously observed on
brittle polymers (14) and with field observations
for the Kunlunshan earthquake (23). Importantly,
our findings are comparable to the average stress
drops inferred by seismologists for most large
crustal earthquakes. Note that our direct measure-
ment of the stress drop is comparable to what a
seismological estimate would be using the final
slip u (fig. S4).

Based on our experimental results, why is
there a paucity of supershear ruptures observed in
nature? A first straightforward explanation is re-
lated 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 nonplanar and exhibit self-
affine roughness (24). The occurrence of kinks
and dilatational jogs could slow down or even
arrest locally the propagation of seismic ruptures
(25). The few documented examples of super-
shear earthquakes are on very smooth, planar
fault sections (3–8). In addition, the presence of a
gouge layer along the fault interface may slow
the propagation of the rupture, as well as thermo-
hydro-mechanical coseismic processes within the
breakdown zone [such as thermal pressurization
(26), frictional melting (27), mineral reactions
(28), and off fault damage, including pulveriza-
tion (29)], which dissipate part of the released
strain energy available, resulting in a deceleration
of the rupture front. Alternatively, the paucity of
supershear rupture observation in naturemight also
be due to limitations in instrumentation and/or
spatial coverage. Nevertheless, the experimental
values of L and stress drops reported here for a
classical crustal lithology (Westerly granite) under
upper-crustal conditions (<150 MPa) demonstrate
that rupture velocity may exhibit important varia-
tions 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
rupturesmay frequently occur at the local scale of
asperities, for which the stress drop generally
inferred is quite large. In turn, these sudden ac-
celerations and 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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the lower bound 10 J/m2, as given by single-
crystal fracture energy values and stick-slip
experiments performed at low normal stress
(19), to the upper bound 104 J/m2, measured for
intact Westerly granite samples at high
confining pressures (22). From Eq. 1, L was
calculated as a function of normal stress in two
cases: (i) S = 1 and G = 10 J/m2 and (ii) S = 0
and G = 1000 J/m2 (Fig. 4A). Experiments
performed at the lowest normal stresses are
compatible with G ! 10 J/m2. However, ex-
periments performed at intermediate normal stresses
can be explained only by using larger fracture
energy. 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 G and
surface energy of single crystals (g) isG/g ! 3w/d,
where w is the fault thickness and d is the av-
erage particle size. Our observation of gouge
particles of 1-mm diameter and smaller is con-
sistent with a fault roughness of less than 30 mm.
The match between the measured rupture veloc-
ities and the prediction that the minimum transition
length L drops to a few centimeters (comparable to

our sample size) at high normal stress (Fig. 4A)
explains why, in our experiments, supershear
rupture becomes a “normal” phenomena for sn >
60MPa. It also explains why supershear ruptures
were not clearly observed in previous experi-
mental studies on rocks conducted at low normal
stress (most often in biaxial conditions) (18, 19).

Finally, we observe a double correlation be-
tween the rupture velocity, the initial stress ratio
to/sn, and the final stress drop (Fig. 4B). Sub-
shear ruptures occurred for stress ratios to/sn <
0.6 and resulted in stress drops generally lower
than 1.5 MPa. Conversely, supershear ruptures
occurred for stress ratios to/sn > 0.7 and resulted
in stress drops generally larger than 3MPa. These
results not onlymake sense physically but are also
compatible with values previously observed on
brittle polymers (14) and with field observations
for the Kunlunshan earthquake (23). Importantly,
our findings are comparable to the average stress
drops inferred by seismologists for most large
crustal earthquakes. Note that our direct measure-
ment of the stress drop is comparable to what a
seismological estimate would be using the final
slip u (fig. S4).

Based on our experimental results, why is
there a paucity of supershear ruptures observed in
nature? A first straightforward explanation is re-
lated 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 nonplanar and exhibit self-
affine roughness (24). The occurrence of kinks
and dilatational jogs could slow down or even
arrest locally the propagation of seismic ruptures
(25). The few documented examples of super-
shear earthquakes are on very smooth, planar
fault sections (3–8). In addition, the presence of a
gouge layer along the fault interface may slow
the propagation of the rupture, as well as thermo-
hydro-mechanical coseismic processes within the
breakdown zone [such as thermal pressurization
(26), frictional melting (27), mineral reactions
(28), and off fault damage, including pulveriza-
tion (29)], which dissipate part of the released
strain energy available, resulting in a deceleration
of the rupture front. Alternatively, the paucity of
supershear rupture observation in naturemight also
be due to limitations in instrumentation and/or
spatial coverage. Nevertheless, the experimental
values of L and stress drops reported here for a
classical crustal lithology (Westerly granite) under
upper-crustal conditions (<150 MPa) demonstrate
that rupture velocity may exhibit important varia-
tions 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
rupturesmay frequently occur at the local scale of
asperities, for which the stress drop generally
inferred is quite large. In turn, these sudden ac-
celerations and 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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REPORTS

•Supershear ruptures possible under crustal conditions and in rocks 
•Transition to Supershear speed requires: 

•S < 1.77 (1.19 in 3D) Andrews 1976, Das & Aki 1977, Dunham 2007 

•Fault Length > Transition Length, L
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Seismic Imaging of the 1999 Izmit (Turkey) Rupture 
Inferred from the Near-Fault Recordings 
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3,• and Margaret Edie 2 • Mustafa Aktar, Michel Dietrich, 

Abstract. 

We use near-fault accelerograms to infer the space-time 
history of rupture on the fault during the Izmit earth- 
quake. The records show that the ground displacement 
and velocity near the fault were surprisingly simple. 
Rupture propagated toward the west at a velocity of 
about 3 km/s, and toward the east at a remarkably high 
average velocity of 4.7 km/s over a distance of about 45 
km before decelerating to about 3.1 km/s on the east- 
ern segment. Slip on the fault is particularly large down 
to a depth of 20 km on the central portion of the fault 
where it reaches about 7 m. Slip is large also below 
10 km on the eastern fault segment, and this may have 
contributed to the loading of shear stress on the Diizce 
fault. On the western fault segment, large slip seems 
confined to shallow depths. 

is located very close to ARC, and the ground velocities 
there display waveforms and amplitudes similar to those 
at ARC. The digital records at ARC are, however, of 
much better quality than the analog records at GBZ, 
and, for this reason, we shall use ARC as our modeling 
station. The other station that we did not use is YPT 
because records there are more complicated and have a 
longer duration than records at ARC and SKR, located 
further from the epicenter. This complexity suggests 
that at this station the records are more affected by the 
shallow crustal structure below the site or between the 
station and the fault. 

Ground velocity at the westernmost site (ARC), lo- 
cated 50 km from the epicenter and about 10 km from 

Introduction 

The Izmit earthquake of August 17 1999 broke a long 
segment of the North Anatolian fault zone. Its surface 
rupture runs nearly east-west and extends over at least 
120 km. Surface slip is almost pure right-lateral strike- 
slip and ranges, over most of the surface break, between 
1.5 m and 5 .-n [ToksSz et ai., 1999]. 
Ground motion near the fault 

Six accelerometer stations installed and operated by 
Bo•azigi University and by the General Directorate of 
Disaster Affairs recorded the earthquake ground mo- 
tion at close distance from the fault. We shall use in 
this study the records obtained at four of these sta- 
tions, which are displayed in Figures i and 2. They 
are records of the ground velocity and are obtained by 
integrating the accelerograms. The four correspond- 
ing stations (ARC, IZT, SKR, DZC) are distributed 
rather uniformly along the line of rupture (Figure 3a). 
Of the two stations that we did not use, one (GBZ) 
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Figure 1. (a) Ground velocity recorded at ARC and 
(b) calculated for a rupture velocity of 3 km/s and 
a fault slip and geometry based on surface observa- 
tions. (c) Displacement and velocity recorded at SKR 
and (d) calculated for a rupture velocity of 4.7 km/s. 
The values indicated are the peak amplitudes of the ob- 
served/calculated velocity/displacement. All the traces 
start at the origin time of the rupture which is inferred 
from the hypocentral P wave travel time. The zoom in 
(c) presents the P and S arrivals on the vertical accelero- 
gram and the horizontal velocity record respectively. 
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estimated from studies of borehole breakouts [Brudy et al.,
1997; Zoback and Harjes, 1997].
[24] The extent of plastic deformation increases with

decreasing seismic S ratio, as shown in Figures 7 and 9
for Y = 14! (with fs = 0.6, fd = 0.1, and tan f = 0.6) and Y =
56! (with fs = 0.45, fd = 0.045, and tan f = 0.6), respec-
tively. As S decreases, the extent of the plastic zone
increases due, in part, to the material surrounding the fault
being closer to failure initially, with CF increasing from
0.79 to 0.93 for Y = 14! and from 0.47 to 0.65 for Y = 56!,
as S decreases from 1.5 to 0.75.
[25] Strong evidence of strain localization is observed for

Y = 56! in Figures 9a and 9b. These features remain present
with increasing grid refinement and their spacing, at least at
the grid resolution shown, is set by the grid size.Rudnicki and
Rice [1975] found that materials with pressure-dependent
yielding can have localization of deformation (which corre-
sponds dynamically to planar deformation waves with zero
propagation speed) even during quasi-static deformation

with (sufficiently small) positive hardening. We will discuss
the localization features we observe subsequently.

4.4. Effects on Rupture Dynamics

[26] Simulations of crack-like dynamic shear rupture in a
homogenous elastically deforming material show that, far
behind the leading edge of a propagating rupture, the change
in fault-parallel stress sxx is a small fraction of the stress drop,
with sxx becoming more compressive on the compressive
side of the fault, and more tensile on the extensional side of
the fault. In our analyses of dynamic rupture in material
with elastic-plastic response, we instead observe a signifi-
cant residual sxx within the zone of plastic deformation left
behind the rupture front. Figure 10 shows sxx becomes less
compressive in a zone of plastic deformation on the com-
pressional side of the fault while it becomes more compres-
sive in a zone of plastic deformation on the extensional side,
irrespective of the angle of most compressive stress. The
differences between the residual sxx on the compressional
and extensional sides of the fault, if they could be measured,
could be used as an indicator of rupture directivity in the
most recent event since fault-parallel stresses in the zone of
inelastic deformation will be less compressive on the
compressional side of the fault and more compressive on
the extensional side. This is at least so if sxx is equal on both
sides before rupture; that need not be the case. A complete
study of this point, not provided here, will require attention
to the effects of multiple prior ruptures, including cases with
different directivities.
[27] Plastic deformation around a propagating shear crack

can result in slower rupture acceleration and altered slip

Figure 13. Contours of shear stress and equivalent shear
plastic strain during rupture propagation in an elastic-plastic
material are shown for three times forY = 56!, CF = 0.41, S =
0.6, and h = 0. The contour plots show the formation of a
daughter crack and transition to supershear rupture. Details of
shear stress evolution along the fault are shown in Figure 12.

Figure 14. Contours of change in critical hardening, (hcr!
hcr0)/G, around the rupture tip for Y = 56!, shown for a
rupture propagation distance of 12.6R0. Positive changes in
critical hardening on the extensional side of the fault promote
localization in the DP material while negative changes on the
compressional side stabilize against localization.
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estimated from studies of borehole breakouts [Brudy et al.,
1997; Zoback and Harjes, 1997].
[24] The extent of plastic deformation increases with

decreasing seismic S ratio, as shown in Figures 7 and 9
for Y = 14! (with fs = 0.6, fd = 0.1, and tan f = 0.6) and Y =
56! (with fs = 0.45, fd = 0.045, and tan f = 0.6), respec-
tively. As S decreases, the extent of the plastic zone
increases due, in part, to the material surrounding the fault
being closer to failure initially, with CF increasing from
0.79 to 0.93 for Y = 14! and from 0.47 to 0.65 for Y = 56!,
as S decreases from 1.5 to 0.75.
[25] Strong evidence of strain localization is observed for

Y = 56! in Figures 9a and 9b. These features remain present
with increasing grid refinement and their spacing, at least at
the grid resolution shown, is set by the grid size.Rudnicki and
Rice [1975] found that materials with pressure-dependent
yielding can have localization of deformation (which corre-
sponds dynamically to planar deformation waves with zero
propagation speed) even during quasi-static deformation

with (sufficiently small) positive hardening. We will discuss
the localization features we observe subsequently.

4.4. Effects on Rupture Dynamics

[26] Simulations of crack-like dynamic shear rupture in a
homogenous elastically deforming material show that, far
behind the leading edge of a propagating rupture, the change
in fault-parallel stress sxx is a small fraction of the stress drop,
with sxx becoming more compressive on the compressive
side of the fault, and more tensile on the extensional side of
the fault. In our analyses of dynamic rupture in material
with elastic-plastic response, we instead observe a signifi-
cant residual sxx within the zone of plastic deformation left
behind the rupture front. Figure 10 shows sxx becomes less
compressive in a zone of plastic deformation on the com-
pressional side of the fault while it becomes more compres-
sive in a zone of plastic deformation on the extensional side,
irrespective of the angle of most compressive stress. The
differences between the residual sxx on the compressional
and extensional sides of the fault, if they could be measured,
could be used as an indicator of rupture directivity in the
most recent event since fault-parallel stresses in the zone of
inelastic deformation will be less compressive on the
compressional side of the fault and more compressive on
the extensional side. This is at least so if sxx is equal on both
sides before rupture; that need not be the case. A complete
study of this point, not provided here, will require attention
to the effects of multiple prior ruptures, including cases with
different directivities.
[27] Plastic deformation around a propagating shear crack

can result in slower rupture acceleration and altered slip

Figure 13. Contours of shear stress and equivalent shear
plastic strain during rupture propagation in an elastic-plastic
material are shown for three times forY = 56!, CF = 0.41, S =
0.6, and h = 0. The contour plots show the formation of a
daughter crack and transition to supershear rupture. Details of
shear stress evolution along the fault are shown in Figure 12.

Figure 14. Contours of change in critical hardening, (hcr!
hcr0)/G, around the rupture tip for Y = 56!, shown for a
rupture propagation distance of 12.6R0. Positive changes in
critical hardening on the extensional side of the fault promote
localization in the DP material while negative changes on the
compressional side stabilize against localization.

B09306 TEMPLETON AND RICE: OFF-FAULT PLASTICITY DURING RUPTURE

11 of 19

B09306

Subshear Transition Supershear

Subshear
Transition

Supershear

Supershear

Subshear Transition

26

Jara, Bruhat et al. 2021



Observations
Supershear earthquakes in the wild

Bhat et al. 2007



Observations
Supershear earthquakes in the wild

Bouchon & Vallée (2003) Robinson et al (2006) & others : 2001 Mw 7.8 Kunlun, Tibet earthquake

Bhat et al. 2007



Observations
Supershear earthquakes in the wild

Bouchon & Vallée (2003) Robinson et al (2006) & others : 2001 Mw 7.8 Kunlun, Tibet earthquake

Bhat et al. 2007



Observations
Supershear earthquakes in the wild

Bouchon & Vallée (2003) Robinson et al (2006) & others : 2001 Mw 7.8 Kunlun, Tibet earthquake

Bhat et al. 2007



Observations
Supershear earthquakes in the wild

Jara, Bruhat et al. 2021



Observations
Supershear earthquakes in the wild

Jara, Bruhat et al. 2021

Bouchon & Vallée (2003) Robinson et al (2006) & others : 2001 Mw 7.8 Kunlun, Tibet earthquake



Observations
Supershear earthquakes in the wild

Jara, Bruhat et al. 2021
estimated from studies of borehole breakouts [Brudy et al.,
1997; Zoback and Harjes, 1997].
[24] The extent of plastic deformation increases with

decreasing seismic S ratio, as shown in Figures 7 and 9
for Y = 14! (with fs = 0.6, fd = 0.1, and tan f = 0.6) and Y =
56! (with fs = 0.45, fd = 0.045, and tan f = 0.6), respec-
tively. As S decreases, the extent of the plastic zone
increases due, in part, to the material surrounding the fault
being closer to failure initially, with CF increasing from
0.79 to 0.93 for Y = 14! and from 0.47 to 0.65 for Y = 56!,
as S decreases from 1.5 to 0.75.
[25] Strong evidence of strain localization is observed for

Y = 56! in Figures 9a and 9b. These features remain present
with increasing grid refinement and their spacing, at least at
the grid resolution shown, is set by the grid size.Rudnicki and
Rice [1975] found that materials with pressure-dependent
yielding can have localization of deformation (which corre-
sponds dynamically to planar deformation waves with zero
propagation speed) even during quasi-static deformation

with (sufficiently small) positive hardening. We will discuss
the localization features we observe subsequently.

4.4. Effects on Rupture Dynamics

[26] Simulations of crack-like dynamic shear rupture in a
homogenous elastically deforming material show that, far
behind the leading edge of a propagating rupture, the change
in fault-parallel stress sxx is a small fraction of the stress drop,
with sxx becoming more compressive on the compressive
side of the fault, and more tensile on the extensional side of
the fault. In our analyses of dynamic rupture in material
with elastic-plastic response, we instead observe a signifi-
cant residual sxx within the zone of plastic deformation left
behind the rupture front. Figure 10 shows sxx becomes less
compressive in a zone of plastic deformation on the com-
pressional side of the fault while it becomes more compres-
sive in a zone of plastic deformation on the extensional side,
irrespective of the angle of most compressive stress. The
differences between the residual sxx on the compressional
and extensional sides of the fault, if they could be measured,
could be used as an indicator of rupture directivity in the
most recent event since fault-parallel stresses in the zone of
inelastic deformation will be less compressive on the
compressional side of the fault and more compressive on
the extensional side. This is at least so if sxx is equal on both
sides before rupture; that need not be the case. A complete
study of this point, not provided here, will require attention
to the effects of multiple prior ruptures, including cases with
different directivities.
[27] Plastic deformation around a propagating shear crack

can result in slower rupture acceleration and altered slip

Figure 13. Contours of shear stress and equivalent shear
plastic strain during rupture propagation in an elastic-plastic
material are shown for three times forY = 56!, CF = 0.41, S =
0.6, and h = 0. The contour plots show the formation of a
daughter crack and transition to supershear rupture. Details of
shear stress evolution along the fault are shown in Figure 12.

Figure 14. Contours of change in critical hardening, (hcr!
hcr0)/G, around the rupture tip for Y = 56!, shown for a
rupture propagation distance of 12.6R0. Positive changes in
critical hardening on the extensional side of the fault promote
localization in the DP material while negative changes on the
compressional side stabilize against localization.
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estimated from studies of borehole breakouts [Brudy et al.,
1997; Zoback and Harjes, 1997].
[24] The extent of plastic deformation increases with

decreasing seismic S ratio, as shown in Figures 7 and 9
for Y = 14! (with fs = 0.6, fd = 0.1, and tan f = 0.6) and Y =
56! (with fs = 0.45, fd = 0.045, and tan f = 0.6), respec-
tively. As S decreases, the extent of the plastic zone
increases due, in part, to the material surrounding the fault
being closer to failure initially, with CF increasing from
0.79 to 0.93 for Y = 14! and from 0.47 to 0.65 for Y = 56!,
as S decreases from 1.5 to 0.75.
[25] Strong evidence of strain localization is observed for

Y = 56! in Figures 9a and 9b. These features remain present
with increasing grid refinement and their spacing, at least at
the grid resolution shown, is set by the grid size.Rudnicki and
Rice [1975] found that materials with pressure-dependent
yielding can have localization of deformation (which corre-
sponds dynamically to planar deformation waves with zero
propagation speed) even during quasi-static deformation

with (sufficiently small) positive hardening. We will discuss
the localization features we observe subsequently.

4.4. Effects on Rupture Dynamics

[26] Simulations of crack-like dynamic shear rupture in a
homogenous elastically deforming material show that, far
behind the leading edge of a propagating rupture, the change
in fault-parallel stress sxx is a small fraction of the stress drop,
with sxx becoming more compressive on the compressive
side of the fault, and more tensile on the extensional side of
the fault. In our analyses of dynamic rupture in material
with elastic-plastic response, we instead observe a signifi-
cant residual sxx within the zone of plastic deformation left
behind the rupture front. Figure 10 shows sxx becomes less
compressive in a zone of plastic deformation on the com-
pressional side of the fault while it becomes more compres-
sive in a zone of plastic deformation on the extensional side,
irrespective of the angle of most compressive stress. The
differences between the residual sxx on the compressional
and extensional sides of the fault, if they could be measured,
could be used as an indicator of rupture directivity in the
most recent event since fault-parallel stresses in the zone of
inelastic deformation will be less compressive on the
compressional side of the fault and more compressive on
the extensional side. This is at least so if sxx is equal on both
sides before rupture; that need not be the case. A complete
study of this point, not provided here, will require attention
to the effects of multiple prior ruptures, including cases with
different directivities.
[27] Plastic deformation around a propagating shear crack

can result in slower rupture acceleration and altered slip

Figure 13. Contours of shear stress and equivalent shear
plastic strain during rupture propagation in an elastic-plastic
material are shown for three times forY = 56!, CF = 0.41, S =
0.6, and h = 0. The contour plots show the formation of a
daughter crack and transition to supershear rupture. Details of
shear stress evolution along the fault are shown in Figure 12.

Figure 14. Contours of change in critical hardening, (hcr!
hcr0)/G, around the rupture tip for Y = 56!, shown for a
rupture propagation distance of 12.6R0. Positive changes in
critical hardening on the extensional side of the fault promote
localization in the DP material while negative changes on the
compressional side stabilize against localization.
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Figure 3: Optical Correlation Images Analysis. a. Map of the strike slip section of the 2001 Mw 7.8 Kunlun

earthquake (China), 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 uncertainty (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 activated and for which the fault zone is

exceptionally large ( > 1000 m). c. Zoom of the Fig. 3 b.
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Figure 8. Comparison between recorded and syn-
thetic ground motions at PS10 for the following: (a)
model I (no healing, slip to 10 km depth), (b) model
II (including healing, slip to 10 km depth), and (c)
model III (no healing, slip to 5 km depth).

in that FN dominates FP in amplitude. The FP radiation pat-
tern is characterized by four lobes (nodal on the fault plane)
that give rise to two one-sided pulses recorded at a fixed
receiver. The pattern is effectively that of a dislocation
source. On the right-moving block, the FN motion preceding
the rupture is away from the fault and that trailing the rupture
is in toward the fault. This results in the typical two-sided
FN pulse. These characteristic motions are discussed by Ar-
chuleta and Hartzell (1981) and Hall et al. (1995) and were
observed, for example, in the 1966 Parkfield earthquake
(Aki, 1968). As the rupture pulse length increases (approach-
ing a crack model), the two trailing lobes on FP coalesce into
a large tail. In addition, the downward FN motion arrives
later and diminishes in amplitude. The downward motion is
thus directly associated with the passage of the healing front.

Evidence of the supershear transition on the FP com-
ponent comes as the rupture begins to outrun the S waves,
which ultimately lie behind a planar wavefront emanating
from the rupture front in a Mach cone. Arrival of this wave-

front gives rise to the large one-sided pulse (A). The ampli-
tude of this feature increases as the supershear rupture de-
velops, until its amplitude dominates the FP motions (see
Fig. 10). In addition to the planar shear wavefront, the fully
developed supershear rupture possesses a two-lobed pattern
preceding the main shear wavefronts that must arise from
P waves. The lack of a preliminary bump preceding pulse
A indicates that the rupture was not in steady-state condi-
tions as it passed the station. The small rise and plateau
before pulse A arrives much too early to be an indication of
this feature. The trailing Rayleigh wave has negligible sig-
nature in the FP ground motion.

The pattern of FN ground motion associated with the
supershear transition is more complex. A pair of one-sided
pulses, with motion away from the fault on the right-moving
block, begin to emanate from the supershear rupture front
along the planar S wavefronts. These grow in amplitude as
steady-state supershear conditions are reached and corre-
spond to pulse B. Note that the motion actually peaks

Mello, Bhat et al. 2014
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Figure 8. Comparison between recorded and syn-
thetic ground motions at PS10 for the following: (a)
model I (no healing, slip to 10 km depth), (b) model
II (including healing, slip to 10 km depth), and (c)
model III (no healing, slip to 5 km depth).

in that FN dominates FP in amplitude. The FP radiation pat-
tern is characterized by four lobes (nodal on the fault plane)
that give rise to two one-sided pulses recorded at a fixed
receiver. The pattern is effectively that of a dislocation
source. On the right-moving block, the FN motion preceding
the rupture is away from the fault and that trailing the rupture
is in toward the fault. This results in the typical two-sided
FN pulse. These characteristic motions are discussed by Ar-
chuleta and Hartzell (1981) and Hall et al. (1995) and were
observed, for example, in the 1966 Parkfield earthquake
(Aki, 1968). As the rupture pulse length increases (approach-
ing a crack model), the two trailing lobes on FP coalesce into
a large tail. In addition, the downward FN motion arrives
later and diminishes in amplitude. The downward motion is
thus directly associated with the passage of the healing front.

Evidence of the supershear transition on the FP com-
ponent comes as the rupture begins to outrun the S waves,
which ultimately lie behind a planar wavefront emanating
from the rupture front in a Mach cone. Arrival of this wave-

front gives rise to the large one-sided pulse (A). The ampli-
tude of this feature increases as the supershear rupture de-
velops, until its amplitude dominates the FP motions (see
Fig. 10). In addition to the planar shear wavefront, the fully
developed supershear rupture possesses a two-lobed pattern
preceding the main shear wavefronts that must arise from
P waves. The lack of a preliminary bump preceding pulse
A indicates that the rupture was not in steady-state condi-
tions as it passed the station. The small rise and plateau
before pulse A arrives much too early to be an indication of
this feature. The trailing Rayleigh wave has negligible sig-
nature in the FP ground motion.

The pattern of FN ground motion associated with the
supershear transition is more complex. A pair of one-sided
pulses, with motion away from the fault on the right-moving
block, begin to emanate from the supershear rupture front
along the planar S wavefronts. These grow in amplitude as
steady-state supershear conditions are reached and corre-
spond to pulse B. Note that the motion actually peaks
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Fig. 4. Scaled laboratory station records compared with the Denali Pump Station 10
record.

(locked) fault segments. The long cylindrical 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. Figs. 3A, B depict
the sub-Rayleigh rupture as it encountered the boundary of the
locked fault segment. 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, alternatively,
as a patch of higher pre-stress (Dunham et al., 2003). The ob-
served supershear transition in the scaled PS10 experiment is no-
tably different than the classical Burridge–Andrews (Rosakis, 2002;
Rosakis et al., 2007) type transition mechanism since this transi-
tion is artificially induced. Well-formed shear Mach/shock fronts
are clearly visible in Figs. 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 cor-
respond 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 Figs. 3C–E.

The particle velocity records obtained from this experiment are
shown in Fig. 3F and Fig. 4. The leading portions of all three of
the particle velocity records are dominated by the fault paral-
lel record, as expected to be generated by a supershear rupture
front propagating at a speed in excess of

!
2cs (Rosakis, 2002;

Mello et al., 2010). 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 supershear rupture tip (Mello et al., 2010). The second veloc-
ity peak which follows immediately is accurately correlated to the
arrival of the shear Mach front. The fault parallel signal eventu-
ally reaches a steady sliding value of around 2 m/s resulting in a
crack-like rupture unlike the Denali event. The fault normal sig-
nal also features a strong trailing Rayleigh pulse, shaded in blue in
Fig. 3F, which follows immediately after the passage of the shear
Mach cone peak. The arrival of this strong pulse is very well corre-
lated with the visual evidence of the arrival of the trailing Rayleigh
pulse fringe concentration at the measuring station (Figs. 3D, E).

Fig. 4 shows the comparison between the scaled laboratory
ground motion records, using the scaling arguments developed ear-
lier, and the actual Denali PS10 ground motion records. Each point
labeled A"–H " in the laboratory particle velocity records has a cor-
responding 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 remarkably well with the PS10
ground motion records and capture all of the prominent signa-
tures. 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 normal component (A vs. B) and (A" vs. B ") is ob-
served 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 significant spatial variation of the rupture through depth. This
point is bolstered by the results of the dynamic 3D calculations by
Dunham and Archuleta (2004) which do not distinguish between
the leading dilatational field and the shear Mach front. The exper-
imental 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 corresponding
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 and Archuleta (2004) the almost antisymmetric nature of
this part of the record at PS10 reveals that the trailing Rayleigh
disturbance was pulse-like. However, since a crack-like rupture re-
sulted in the experiment, the trailing Rayleigh disturbance failed
to completely heal and hence the record is not purely antisym-
metric. Nevertheless, the result captures the same general features
and sense of motion observed in the corresponding portion of the
PS10 fault normal ground motion record, and provides strong ex-
perimental 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 vertical record obtained in
the laboratory earthquake spanning between the points F " $ H " .
and the PS10 ground motion 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 earthquakes 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 amplitude 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 laboratory 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 between 0.01 and 20 Hz) are shown in
Fig. 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 "). The modest 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 difference here is clearly the lack of the precursory di-
latational 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 = !̇xx + !̇yy + !̇zz . In the supershear regime even though the

Mello, Bhat et al. 2014
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Zhan et al (2014) : 2013 Mw 6.7 Okhotsk, Kamtchatka earthquake. Deepest and fastest earthquake recorded 

Bao et al (2019) Socquet et al (2019) Amlani et al (2021): 2018 Mw 7.5 Palu, Sulawesi earthquake



Observations
Supershear earthquakes in the wild

Bao et al (2019) Socquet et al (2019) Amlani et al (2021): 2018 Mw 7.5 Palu, Sulawesi earthquake

Ulrich et al. 2019

Amlani et al. 2021



Observations
Supershear earthquakes in the wild

Amlani et al. (2021) : First observation of Supershear Earthquake on a GPS station
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•  Supershear ruptures are, usually, trailed by a pulse traveling exactly at the Rayleigh wave speed. This 
pulse has dominantly fault normal motion.

•  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 from sub to supershear speeds, severe Lorentz-like contraction of the 
stress field should lead to minimal off-fault damage.
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