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[1] We extend a model of a two-dimensional self-healing slip pulse, propagating
dynamically in steady state with slip-weakening failure criterion, to the supershear regime
in order to study the off-fault stressing induced by such a slip pulse and investigate
features unique to the supershear range. Specifically, we show that there exists a
nonattenuating stress field behind the Mach front that radiates high stresses arbitrarily far
from the fault (practically this would be limited to distances comparable to the depth of the
seismogenic zone), thus being capable of creating fresh damage or inducing Coulomb
failure in known structures at large distances away from the main fault. We allow for both
strike-slip and dip-slip failure induced by such a slip pulse. We show that off-fault damage
is controlled by the speed of the slip-pulse, scaled stress drop, and principal stress
orientation of the prestress field. We apply this model to study damage features induced
during the 2001 Kokoxili (Kunlun) event in Tibet, for which it has been suggested
that much of the rupture was supershear. We argue that an interval of simultaneous
induced normal faulting is more likely due to a slip partitioning mechanism suggested
previously than to the special features of supershear rupture. However, those features do
provide an explanation for otherwise anomalous ground cracking at several kilometers
from the main fault. We also make some estimates of fracture energy which, for a given
net slip and dynamic stress drop, is lower than for a sub-Rayleigh slip pulse because part
of the energy fed by the far-field stress is radiated back along the Mach fronts.
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1. Introduction

[2] There have been increased recent reports of super-
shear earthquake ruptures (for which the propagation speed
lies between the shear and the dilatational wave speed of the
surrounding medium). The earliest inference of supershear
was during the 1979 Imperial Valley earthquake for which
Archuleta [1984] noticed that for a better fit of near-fault
strong motion records, the rupture speed had to exceed the
shear wave speed. More recent inferences were made during
the 1999 Izmit and Düzce events [Bouchon et al., 2000,
2001], the 2001 Kokoxili (Kunlun) event [Bouchon and
Vallee, 2003], and the 2002 Denali event [Ellsworth et al.,
2004]. Laboratory verification of supershear rupture was

provided for the first time by Rosakis et al. [1999].
However, the theoretical work on these ruptures dates back
to the early 1970s when Burridge [1973] studied the growth
of a self-similar mode-II crack with a critical stress fracture
criterion. His work suggested a possible mechanism for the
transition of rupture from sub-Rayleigh to supershear
regime by formation of daughter cracks ahead of the main
crack and their subsequent coalescence. Andrews [1976,
1985] subsequently confirmed this in his numerical simu-
lations with a linear slip-weakening failure criterion.
Andrews [1976] also showed that for a sufficiently low
seismic S ratio [= (syx

0 � tr)/(tp � syx
0 ) where syx

0 , tp, and tr
are the initial shear stress, peak failure, and residual failure
strengths of the medium, respectively], supershear transition
of rupture may occur after a propagation distance which
scales with the size of the nucleation zone for that syx

0 .
Burridge et al. [1979] showed that supershear ruptures
whose speed were less than

ffiffiffi
2

p
cs (cs being the shear wave

speed of the medium), the Eshelby speed [Eshelby, 1949] at
which the shear wave contribution (also the Mach front)
vanishes, had features suggesting that steady propagation
would be unstable, although no complete stability analysis
has been done of a steady state rupture. However, the small
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set of supershear earthquakes, laboratory, and numerical
studies do seem to confirm their analysis. Bhat et al. [2004]
did find a numerical solution that appears stable at speed
<
ffiffiffi
2

p
cs, but for a supershear rupture emanating from a fault

branch that is interacting with a sub-Rayleigh crack from
the other arm of the branch.
[3] There remains still, however, much uncertainty about

the observation of supershear ruptures in large crustal earth-
quakes because of the lack of sufficient strong ground motion
records. For example, the 2002 Denali event is hypothesized
to have propagated at supershear speed for about 40 km
[Ellsworth et al., 2004] based on a single ground motion
record. Other claims of supershear rupture propagation
come mainly from trying to fit a rupture speed for inversion
of ground motion data, although, recently, Dunham and
Archuleta [2005] have identified specific features of the near-
fault waveform that indicate supershear rupture and have shown
that a record written near the Denali rupture has that form.
[4] The aim of this work is to point out some unique

features of supershear ruptures that manifest themselves as
patterns of off-fault damage which should be, in favorable
circumstances, directly observed in the field. Earlier work
by Poliakov et al. [2002] and Rice et al. [2005] for steady
sub-Rayleigh rupture speeds has revealed expected off-fault
damage patterns. Those were dependent on rupture speed
and orientation of the prestress field among other parame-
ters, and were shown to have some consistency with field
observations. We thus adopt the extension by Dunham and
Archuleta [2005] of the speed regime of Rice et al.’s solution
for a steady self-healing slip pulse (right-lateral in nature to
be consistent with Poliakov et al., Kame et al. [2003], Bhat et
al. [2004], Rice et al. [2005], and Dunham and Archuleta
[2005]) to the supershear regime, and study the off-fault
damage created during rupture propagation. Dunham and
Archuleta [2005] focused on radiated ground motions.

2. Off-Fault Stress Field due to an Elastodynamic
Slip Pulse

[5] Following the work of Poliakov et al. [2002], and
building on earlier studies of Broberg [1978, 1989, 1999],
Freund [1979], Rice [1980], and Heaton [1990], Rice et al.
[2005] calculated the stress field near an elastodynamic slip
pulse of length L propagating in steady state at the rupture
speed vr (the speed of the pulse) when vr was in the sub-
Rayleigh wave speed regime (the Rayleigh wave speed is the
limiting speed for mode-II ruptures, when the supershear
transition can be avoided). They used a nonsingular slip-
weakening model [Ida, 1972; Palmer and Rice, 1973], in a
special simplified form introduced by Palmer and Rice
[1973] in which stress is assumed to vary linearly with spatial
position. Weakening begins when shear stress on the fault, t,
first reaches a finite peak strength tp on an unslipped part of
the fault. When slip begins, t decreases with slip, approach-
ing tr at large slip, as illustrated in Figure 1; the simplified
model assumes linear degradation of strength with distance
over the slip-weakening zone length R and then a constant
strength value over the remaining part of the pulse. The
decrease of t with slip d is then not linear in d, but is
moderately different from linear, and, in the sub-Rayleigh
range, it is independent of vr for a given R/L and is only
weakly dependent on R/L [Rice et al., 2005]. We show later

here that a similar feature holds for the supershear range, but
with a small dependence on vr. The peak strength tp is
generally assumed to be proportional to the compressive
normal stress acting on the fault and is set equal to �fs(syy).
We take the static friction coefficient fs = 0.6 based on lab
values for typical rocks. The residual strength tr = �fd(syy)
is determined by the dynamic coefficient of friction fd. We
choose fd/fs = tr/tp = 0.2 as in the works of Poliakov et al.
and Rice et al., but note that this number cannot be ascer-
tained precisely. However, some results with appropriately
scaled measures of stress changes (scaled with syx

0 � tr or
tp � tr) do not depend on tr/tp.
[6] The complete solution for the stress and particle

velocity fields associated with the extension of the model
to supershear has been derived in the work by Dunham and
Archuleta [2005].
[7] Let the total stress tensor during the propagation of

the slip-pulse be given by sij = sij
0 +Dsij where sij

0 andDsij
are the tensors of prestress and perturbation of stress,
respectively. The perturbation of the stress field in a
homogeneous, isotropic, elastic medium due to a slip pulse
propagating at supershear speeds (under plane strain con-
ditions in an unbounded solid) must have a form in terms of
a single analytic function S(z) [Freund, 1990], such that the
stress perturbations are given by

Dsxx ¼
1þ â2

s þ 2a2
d

2ad

=SðzdÞ þ
â2
s � 1

2ad

=SðzsÞ

Dsxy ¼ <SðzdÞ þ
ðâ2

s � 1Þ2

4adâs

=SðzsÞ

Dsyy ¼
â2
s � 1

2ad

=½SðzdÞ � SðzsÞ


Dszz ¼ nðDsxx þDsyyÞ ð1Þ

where âs =
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
v2r =c

2
s � 1

p
; ad =

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� v2r =c

2
d

q
; zs = x � vrt +

âs|y| and zd = x � vrt + iad y; i =
ffiffiffiffiffiffiffi
�1

p
; we show results here

at time t = 0. v is the Poisson ratio for the medium and is
chosen later to be 0.25 so that cd =

ffiffiffi
3

p
cs, in our numerical

evaluations. cd and cs are the P (dilatational) and S (shear)
wave speeds of the medium, respectively. S(z), with dif-
ferent arguments, expresses the contributions of the P (dila-
tational) and the S (shear) waves propagating through the
medium; it must be chosen so that the stresses follow the
linear strength degradation boundary conditions like in
Figure 1. <S(z) and =S(z) are the real and imaginary parts
of S(z), respectively, and following the development of
Dunham and Archuleta [2005], S(z) is given by

SðzÞ ¼ � sinðpqÞ
p

z1�qðzþ LÞq �
Z 0

�L

ðtðxÞ � s0
yxÞ

ð�xÞ1�qðx þ LÞqðx � zÞ
dx

ð2Þ

Here

qðvrÞ ¼
1

p
tan�1 4 âsad

â2
s � 1

� �2
" #

ð0 � q � 1=2Þ ð3Þ

tðxÞ ¼ tr þ 1þ x
R

� �
ðtp � trÞ for � R < x < 0

tr for � L < x < �R

	
ð4Þ
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and syx
0 is the initial shear stress (pre-stress) in the medium.

A condition for such a solution to exist, giving bounded
stresses at the leading and trailing edges of the pulse, is that
S(z)! 0 as |z|!1 [Muskhelishvili, 1953]. This results in a
constraint equation on the shear prestress level which is
consistent with a given R/L and vr. That can be determined
as follows. Define

sdrop ¼
s0
yx � tr
tp � tr

ð5Þ

Then

sdrop ¼
I1

I2
ð6Þ

where

I1 ¼
Z 1

0

1� tð Þdt
ðtÞ1�qðL=R� tÞq

; I2 ¼
Z 1

0

dt

ðtÞ1�qð1� tÞq

in nondimensionalized form. Note that since q = q(vr) is
involved, the scaled dynamic stress drop (syx

0 � tr)/(tp � tr)
depends on both R/L and vr/cs (Figure 2), unlike for its sub-
Rayleigh analogue in which case the dependence was only on
R/L [Rice et al., 2005]. Similarly S(z) can be nondimensio-
nalized as follows

SðẑÞ
s0
yx � tr

¼ � sinðpqÞ
p

ẑ1�q ẑþ L

R


 �q

� R

L
I3 �

tp � tr
s0
yx � tr

 !
I4

" #
ð7Þ

where

I3 ¼
Z 1

0

dt

ðtÞ1�q
1� tð Þq t þ ẑ R

L

� � ;
I4 ¼

Z 1

0

ð1� tÞdt
ðtÞ1�q L

R
� t

� �qðt þ ẑÞ
and ẑ ¼ z

R

3. Nondimensional Parameters in the Model

[8] We now have the perturbationDsij from the pre-stress
field, if normalized by the dynamic stress drop syx

0 � tr or
by the strength drop tp � tr, expressed in terms of non-
dimensionalized parameters, namely, z/R, R/L, and vr/cs.
Refer to section 7 for estimates of the physical size of R.
The in-plane prestress is characterized by a nondimensional
parameter sxx

0 /syy
0 which is a proxy for the angle of incli-

nation of the maximum in-plane principal stress (compres-
sive) with the slip-pulse Y measured clockwise from the top
of the slip pulse (Figure 1). The in-plane stress components
are then given by

s0
yy

s0
yx � tr

¼ �1=fs
sdropð1� fd=fsÞ

s0
yx

s0
yx � tr

¼ 1þ fd=fs
sdropð1� fd=fsÞ

ð8Þ

[9] To examine out-of-plane failure modes (reverse or
normal faults), we must also assign a value for szz

0 /syy
0 . We

choose various values for szz
0 lying between, or equal to one

of, the maximum (s3) and minimum (s1) in-plane compres-
sive principal stresses, determined from the initial in-plane
stresses. That is, we consider pre-stress states which are at
least as favorable to strike-slip as to normal or to thrust
failure (refer to Appendix A1).

Figure 2. Variation of scaled dynamic stress drop (syx
0 � tr)/

(tp� tr) with rupture speed vr and R/Lwhere R and L are the
size of the slip-weakening zone and the length of the slip
pulse, respectively. tp and tr are the peak and residual
strengths, respectively, and syx

0 is the initial shear stress.

Figure 1. Supershear slip pulse of length L propagating at
steady state in a two-dimensional homogeneous elastic
medium under plane strain conditions. vr is the rupture speed
limited between the shear wave speed (cs) and the P wave
speed (cp =

ffiffiffi
3

p
cs for Poisson ratio, n = 0.25) of the medium.

The shear strength of the pulse degrades linearly, with
distance, from a peak value tp to a residual value tr over a
distance R, the size of the slip-weakening zone. sij

0 is the
prestress in the medium. s1 and s3 are the minimum and
maximum principal compressive stresses, respectively, of the
prestress field, in the medium, and Y is the angle of
inclination of s3 with the slip pulse [Rice et al., 2005].
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