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Progress Report

The past several years of research has revealed
important differences in the ground motion
and radiated stresses generated by sub-Rayleigh
and supershear ruptures (Aagaard and Heaton,
2004;Dunham and Archuleta, 2005;Bhat et al.,
2006). The problem is of particular interest to
southern California, since the most likely can-
didates for hosting supershear events are long
strike-slip fault segments loaded close to fail-
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ure. Few other faults fit this profile as well as
the southern segment of the San Andreas fault.
Our aim this past year has been toward under-
standing the dynamics of the supershear tran-
sition, and applying this knowledge toward a
quantitative theory for the conditions giving rise
to supershear earthquakes. We have also initi-
ated a study on the differences in ground motion
from sub-Rayleigh and supershear ruptures, but
now for faults in 3D, where the finite fault width
is expected to influence how the amplitude of
shaking decays with distance from the fault.

Dynamics of Supershear Transition

The stress field of a two-dimensional mode II
crack expanding at a sub-Rayleigh speed has
a pronounced peak at the S-wave speed (Fig.
1a), as originally noted byBurridge (1973).
By examining the stress field generated by
a three-dimensional elliptical crack (Burridge
and Willis, 1969;Richards, 1973;Willis, 1973;
Richards, 1976), we found that an analogous
peak appears in the in-plane direction (Dunham,
2007). As is well known from 2D numerical
(Andrews, 1976; Das and Aki, 1977) and ex-
perimental (Xia et al., 2004) studies, when the
stress level associated with this peak reaches the
peak strength of the fault, slip initiates within a
daughter crack ahead of the sub-Rayleigh rup-
ture. The daughter crack propagates at a supers-
hear speed, but is initially only driven passively
by the stresses radiated from the main rupture.
Only when the daughter crack becomes dynam-
ically unstable—which we propose occurs when
it exceeds a critical length—does the supershear
rupture become self-sustaining.

We have developed a comprehensive the-

ory for the supershear transition under the
commonly used slip-weakening friction law.
Cracks growing quasistatically under linear slip-
weakening friction destabilize upon exceeding
a critical length proportional toµDc/(τp − τr),
whereDc is the slip-weakening distance,τp is
the peak strength, andτr is the residual strength
(Campillo and Ionescu, 1997; Favreau et al.,
1999;Uenishi and Rice, 2003). We refer to this
length asLfric. Our hypothesis is that the daugh-
ter crack must also exceed some critical length
that scales withLfric for the rupture to transition
to an intersonic speed.

To illustrate this, consider a self-similarly ex-
panding rupture in two dimensions. The veloci-
ties,v±, of the crack tips (or of the rupture and
healing fronts when dealing with a unilaterally
expanding pulse, which this analysis also en-
compasses) are specifieda priori, as is the con-
stant stress drop,τ0 − τr, imposed within the
crack. In the region surrounding the S-wave
stress peak, we enforce the condition that stress
cannot exceed some peak strength level (non-
dimensionally specified by the seismicS ratio
[S = (τp − τ0)/(τ0 − τr)]). The stress within
the daughter crack is simply taken to be constant
and equal to the peak strength, in the spirit of a
Dugdale–Barenblatt cohesive zone model. The
advantage of this model is that it admits an ana-
lytical solution from which both the slip veloc-
ity profile within the daughter crack, the current
length of the daughter crack, and the maximum
stable length of the daughter crack can be ob-
tained. See Fig. 1b. A precise mathematical
formulation of this instability condition is given
by Dunham (2007), and the primary result is a
prediction of the distance that the main rupture
must propagate at a sub-Rayleigh speed before
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Figure 1: (a) Stress field surrounding an self-similarly expanding sub-Rayleigh rupture, with ar-
rows 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,τp, (non-dimensionally a value of the seismicS ra-
tio [S = (τp − τ0)/(τ0 − τr)], appearing graphically as a horizontal dashed line on this plot) forces
the growth of a daughter crack.τ0 andτr are the initial stress and residual strength. Formation
of the daughter crack occurs only whenS < Smax; Smax quickly falls off with decreasing rupture
speed. Also shown in (b) is the solution to the self-similar Dugdale model, in which the stress field
adjacent the S-wave stress peak is limited to the peak strength, causing the formation of a daughter
crack. Slip velocity within the daughter crack is also shown.

becoming supershear. This distance is plotted as
a function of the seismicS ratio in Fig. 2.

As seen in Fig. 2, 3D ruptures, at least
on unbounded faults, have a supershear tran-
sition mechanism identical to that of 2D rup-
tures. For an elliptical crack with an aspect ratio
corresponding to maximum subshear propaga-
tion speeds, the maximumS ratio above which
the supershear transition will not occur (because
the daughter crack will never nucleate) is 1.19,
less than the often-cited 2D result of 1.77 (An-
drews, 1985). A further complication arises in
3D when the fault has a constrained width (e.g.,

the seismogenic depth for strike-slip faults). In
this case, arrest waves generated at the edges
of the fault propagate inward and impede the
development of the daughter crack. For suffi-
ciently narrow faults, the supershear transition
is completely inhibited, no matter how long the
rupture propagates. The critical fault width is
approximately 0.8 times the transition distance
on an unbounded fault (see Fig. 3).
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Figure 2: Supershear transition lengths in 2D
and 3D as a function of seismicS ratio. The line
traces the transition length predicted from the
2D self-similar Dugdale model. The data points
are from spontaneous rupture calculations em-
ploying a Dugdale slip-weakening law.

Ground Motion in 3D

In a complementary study to that described
above, we have begun examining ground mo-
tion from supershear ruptures in 3D. This builds
on earlier work from our group (Dunham and
Archuleta, 2005;Bhat et al., 2006) that explored
near-source ground motion and stress fields sur-
rounding steady-state supershear ruptures in 2D.
Particle velocities comparable to those on the
fault radiate out along the Mach front with no
attenuation with distance in 2D (for a homoge-
neous linear elastic medium, at least). While the
2D model is valid close to the fault, the presence
of a finite fault width in 3D is expected to ulti-
mately reduce ground motions at some distance
from the fault that scales with the fault width.

We are investigating this issue numerically
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Figure 3: Rupture front contours illustrating
the critical fault width (W ≈ 0.8Ltrans,0) for
S = 0.5. The contours, defined as the location
at which slip reaches the weakening displace-
ment,∆u = d0, are plotted every 60 time steps
[= 3.6585Lfric/cs] from t = 0 (the initial static
solution). Shown are contours from ruptures on
an unbounded fault (black) and on two finite-
width faults (blue and red). While ruptures on
the wider fault (red) become supershear, rup-
tures on the narrower fault (blue) are constrained
to sub-Rayleigh speeds.

by forcing a rupture at fixed speed with a con-
stant stress drop following the procedure ofAn-
drews (1985). This procedure differs from sim-
ilar kinematic studies byAagaard and Heaton
(2004); Bernard and Baumont (2005) that fix
rupture speed and slip, and instead provides an
approximation to a dynamic model that speci-
fies static and dynamic friction coefficients (for
further discussion, seePage et al. (2005)). Our
model further allows parameterization of the ex-
tent of the weakening zone at the rupture front,
a proxy for the slip-weakening distance in dy-
namic models employing such a law. Figs. 4
and 5 illustrate our major findings.
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Figure 4: Maximum cumulative peak-to-peak
ground velocities generated by sub-Rayleigh
vr = 0.8cs) and supershear (vr = 1.6cs) rup-
tures having identical stress drops and propa-
gation distances (x = 7W ). W is the fault
width andvr is the rupture speed. Each quad-
rant of the figure displays data for a particular
component of ground motion (FP=fault paral-
lel and FN=fault normal) and for a particular
rupture speed. The dashed lines trace P and
S wavefronts (only the S wavefront is visible
for the sub-Rayleigh case). In the supershear
case, dashed lines also delimit a triangular re-
gion within which points have experienced the
passage of the S-wave Mach front.
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Figure 5: Maximum cumulative peak-to-
peak ground velocities (FP=fault parallel and
FN=fault normal) as a function of distance from
the fault at two distances along the fault (x =
2W andx = 4W ). The abrupt decrease in am-
plitude for the supershear ruptures (aty ≈ 2.3W
in the bottom plot) occurs as the Mach front is
crossed.
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