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[1] We use two-dimensional plane strain finite difference calculations to study dynamic rupture on
a material discontinuity interface between a compliant elastic layer and a stiffer elastic medium.
Previous works established that rupture along a material interface governed by Coulomb friction
propagates as a unidirectional narrow pulse associated with self-sharpening and divergent behavior.
These effects are generated by coupling between spatial variations of slip along a material interface
and local changes of normal stress. The simulations here employ a regularized friction law with a
fading memory dependence of frictional strength on normal stress rather than the instantaneous
Coulomb-type response. We find that the self-sharpening and divergent behavior found earlier with
Coulomb friction exists also with regularized friction for large enough propagation distance. The
parameters of regularized friction have to be fine tuned to produce apparent stability for a given
propagation distance. However, eventually, the pulse always either diverges or dies. For cases with
a single material interface the pulse strength increases with increasing contrast of shear wave
velocity up to a maximum at �30% contrast, beyond which the generalized Rayleigh wave does not
exist. This is similar to earlier results with Coulomb friction. For models having layer width
comparable to or somewhat larger than the imposed source size, there is strong dependence of the
pulse strength and shape on the layer width and velocity. The pulse amplitude is modulated by
regular oscillations with period proportional to the layer width and is amplified for a range of layer
widths. The results suggest that rupture along an interface between a compliant layer and a stiffer
surrounding medium, initiated by a failure of an asperity with size not larger than the layer width,
can become a self-sustaining wrinkle-like pulse. INDEX TERMS: 3947 Mineral Physics: Surfaces
and interfaces; 7209 Seismology: Earthquake dynamics and mechanics; 8010 Structural Geology:
Fractures and faults; 8123 Tectonophysics: Dynamics, seismotectonics; KEYWORDS: Dynamic
rupture, layered material, friction, dynamic strength, stability, tribology

1. Introduction

[2] Faulting is a process that disrupts material continuity and
creates zones of relatively compliant damaged rock (fault zone
layers) bounded by material discontinuity interfaces (material
interfaces). The existence of such structural elements in natural
fault zones at the surface and seismogenic depth is well known
[e.g., Mooney and Ginzburg, 1986; Michael and Eberhart-Phillips,
1991; Ben-Zion et al., 1992; Chester and Chester, 1998]. However,
efforts to understand their effects on earthquake dynamics have
only recently begun [Ben-Zion, 2001, and references therein].
[3] There are fundamental differences between in-plane rupture

along a planar material interface and corresponding rupture in a
homogeneous solid [Weertman, 1980; Adams, 1995; Andrews and
Ben-Zion, 1997; Ranjith and Rice, 2001]. The differences stem
from the fact that slip along a material interface may induce local
dynamic changes of normal stress, whereas in the simpler homo-
geneous framework these two quantities are not coupled. The
interaction between slip and normal stress along a material inter-
face can dynamically reduce the frictional strength, making mate-
rial interfaces mechanically favored surfaces for rupture
propagation. Indeed, slip in the laboratory and exhumed faults is
often localized near the boundary of a gouge or damaged fault zone
layer [Bruhn et al., 1994; Sibson, 1999; J. Byerlee, personal
communication, 1996].

[4] Weertman [1980] obtained a two-dimensional (2-D) steady
state analytical solution for a dynamic pulse of in-plane rupture
along a material interface governed by Coulomb friction. Rupture
occurs as a self-healing wrinkle-like pulse propagating spontane-
ously only in one direction, that of slip in the more compliant
medium. Because of the interaction between slip and normal stress
in this problem the rupture can propagate under local shear stress
that is low compared to the nominal frictional strength based on the
friction coefficient and remote normal stress. The solution thus has
properties that are compatible with inferences on short risetime of
earthquake slip [Brune, 1970; Heaton, 1990; Yomogida and
Nakata, 1994] and low generation of frictional heat [Brune et
al., 1969; Lachenbruch and Sass, 1992]. Andrews and Ben-Zion
[1997] and Ben-Zion and Andrews [1998] confirmed these proper-
ties with 2-D finite difference calculations and noted that rupture
along a material interface may also be relevant to suppression of
dynamic branching, generation of slip complexities, scaling of the
width of damaged fault zone layers with cumulative slip, and other
phenomena.
[5] Adams [1995] showed that the problem of rupture along a

material interface governed by Coulomb friction is unstable to
perturbations for a wide range of material properties and frictional
coefficients, with an instability growth rate proportional to the
wave number. The same instability exists with any constitutive law,
including the standard slip-weakening and rate- and state-depend-
ent frictions that have a Coulomb-like instantaneous response to
variations of normal stress. Physically, the Adams instability
implies that such a rupture will be associated with pulse sharpening
and divergent behavior during propagation. Mathematically, how-
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ever, the instability makes the response of this system to perturba-
tions ill posed and introduces grid-size dependency into numerical
calculations. In sliding and fracture experiments along material
interfaces, Schallamach [1971], Anooshehpoor and Brune [1999],
and O. Samudrala and A. Rosakis (manuscript in preparation,
2001) observed unidirectional narrow slip pulses with tendencies
to become narrower and break up with propagation distance. The
slip pulses simulated by Andrews and Ben-Zion [1997] and Ben-
Zion and Andrews [1998] had similar features. However, because
of the grid-size dependency in those calculations with Coulomb
friction the results lack an underlying continuum limit.
[6] Ranjith and Rice [2001] clarified the conditions associated

with the Adams instability and showed that the problem can be
regularized by a friction law, motivated by laboratory data of
Prakash and Clifton [1993] and Prakash [1998], where the
response to an abrupt variation of normal stress is a gradual
strength evolution. Cochard and Rice [2000] numerically calcu-
lated a self-sustaining slip pulse along a material interface gov-
erned by regularized friction that appeared stable (i.e., with little or
no self-sharpening) in the range of their calculations.
[7] In this work we use 2-D finite difference calculations to

study dynamic rupture on an interface governed by regularized
friction between a fault zone layer and a surrounding host rock.
The calculations are done with a generalization of the code
employed by Andrews and Ben-Zion [1997] and Ben-Zion and
Andrews [1998] that can incorporate additional media and inter-
faces. However, because of the difficulties associated with per-
forming a reliable parameter space study we limit the present study

to a structure with only two media and two material interfaces.
Harris and Day [1997] simulated rupture in a similar model with a
slip-weakening friction which, as mentioned above, does not
regularize the Adams instability. However, their calculations
incorporated viscosity that may have provided some regularization.
There are three main differences between the calculations of the
present work and those of Harris and Day [1997]. First, in our
model the only failure mechanism is dynamic reduction of normal
stress, as in the previous works with Coulomb friction, without
additional slip-weakening (or other) mechanism. This allows us to
isolate effects of the assumed fault zone structure on properties of
dynamic rupture, without mixing effects of different failure mech-
anisms and properties of different modes of rupture. Second, the
use in the present work of regularized friction removes the grid-
size dependency that existed in the work by Harris and Day [1997]
and simulations with Coulomb friction. Third, ruptures are initiated
in this study with a procedure different from that used by Harris
and Day [1997]. The differences and similarities between attributes
and results of our model and those of Harris and Day [1997] are
discussed further in section 4.
[8] We begin the parameter space study by duplicating the

apparent stable pulse of Cochard and Rice [2000] for the case
with a single material interface and extending the calculations to
longer propagation distance. We find that the self-sharpening
phenomenon is also a fundamental aspect of rupture behavior with
regularized friction (although in subdued form and without grid-
size dependency) and that for large enough propagation distance
the apparent self-sustaining pulse of Cochard and Rice [2000]
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Figure 1. A model for a 2-D in-plane dynamic rupture on a material discontinuity interface between a fault zone
layer and a surrounding solid.

ESE 6 - 2 BEN-ZION AND HUANG: DYNAMIC RUPTURE ALONG MATERIAL INTERFACE



diverges as well. We then consider the case of a low-velocity layer
between two identical elastic materials and systematically examine
the effects of layer width and velocity. In all cases we find that the
pulse eventually either diverges or dies out. The interaction
between the rupture and waves reflected from the layer walls
induces oscillations on the pulse strength. The results suggest that
rupture initiated by a failing asperity along an interface between a
compliant fault zone layer and a stiffer material can become a self-
sustaining growing pulse if the size of the initial asperity is
somewhat smaller than or comparable to the layer width. If the
rupture was initiated by a much larger asperity, continuing prop-
agation in a pulse mode is not favorable.

2. Model Geometry

[9] We use a generalized version of the 2-D plane strain finite
difference code of Andrews and Ben-Zion [1997] and Ben-Zion
and Andrews [1998] to study dynamic rupture in a model with
plane-parallel interfaces between different media. The code incor-
porates a number of possible fault zone layers with different elastic
properties, a number of possible rupture planes, and options for
various constitutive laws on the rupture surfaces. The loading and
rupture propagation are in the x direction, and all variables are
functions of x, y, and t only. Shear and dilational wave velocities
are csi ¼

ffiffiffiffiffiffiffiffiffiffi
mi=ri

p
and cpi ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
li þ 2mið Þ=ri

p
; where r is mass

density, m and l are Lamé parameters, and subscript i = 1, 2,
denotes the ith material. Shear and compressive normal stress on
the fault are t = sxy(x, y = 0, t) and s = �syy(x, y = 0, t). Applied
shear stress and compressive normal stress at the remote bounda-
ries are t1 and �s1. Slip and slip velocity across the fault are
d(x, t) = u(x, y = 0+, t) �u(x, y = 0�, t) and v(x, t) = @d/@t.
[10] In the present work we focus on a configuration with two

media and two interfaces (Figure 1). Interface 1 is a fault that may

fail and allow slip to occur, while interface 2 is a welded material
interface. The nucleation zone marks the region of an imposed
source, where rupture is initiated with the procedure of Andrews
and Ben-Zion [1997, pp. 562–563] for a gradual traveling stress
drop. The initial shear and normal stress outside the imposed
source are uniform with values such that t < fs, where f is the
friction coefficient. For some model parameters, ruptures continue
to propagate spontaneously outside the imposed source region.
There are two limiting cases to the structure of Figure 1. If W = 0,
the model deteriorates to a fault in a homogeneous solid, while if
W ! 1, the model becomes a fault between two different
materials. The second case was studied by Andrews and Ben-Zion
[1997] and Ben-Zion and Andrews [1998] with a Coulomb friction
and by Cochard and Rice [2000] with a regularized friction law. We
call the second limiting configuration the standard case and use it in
the subsequent sections as the center of the parameter space study.

3. Analysis

3.1. The Weertman Pulse

[11] Weertman [1980] found that the shear and normal stress
during a steady state dynamic rupture along a material interface
governed by Coulomb friction are given by

t xð Þ ¼ t1 þ �m cð Þ
p

Z þ1

�1

B x0ð Þ
x� x0

dx0; ð1Þ

s xð Þ ¼ s1 � m* cð ÞB xð Þ; ð2Þ

where x = X � ct (moving coordinate), X is spatial coordinate, c is
rupture velocity, B(x) = �@d(x, t)/@x = v/c is dislocation density,
and m(c) and m*(c) are complicated algebraic functions of rupture
velocity c and material properties illustrated in Figure 2.
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Figure 2. Coefficients m(c) and m*(c) as functions of normalized rupture velocity for various ratios (numbers
associated with lines) of shear wave velocities and densities. Poisson ratios n of both media are 0.25 and the slower
shear wave speed is 1. Zero crossing of m(c), when such exists, defines the generalized rayleigh speed cGR for the
associated material pair. The coefficient m*(c) increases with rupture velocity c when the two materials are dissimilar
and is zero when the two materials are identical. Coupling between slip and changes of normal stress on the rupture
plane exists when m*(c) 6¼ 0.
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[12] When the two materials are identical, m*(c) = 0 for all c and
the normal stress s(x) remains identically s1; that is, there is no
coupling between normal stress and slip. When the two materials
are different and rupture velocity is in the direction of slip in the
more compliant medium, m*(c) > 0 and is increasing with rupture
velocity. In this case, there is coupling between local slip variations
and normal stress given by equation (2). The amplitude m(c)
decreases with increasing cand may cross the zero line. A zero
crossing of m(c), if such exists, defines the speed cGR of a
generalized Rayleigh interface wave. Along a material interface,
frictional failure t = fs can occur solely due to reduction of normal
stress. For the special rupture velocity c = cGR, m(c) = 0 and the
shear stress t remains equal to t1. However, the rupture can
propagate as a pulse correlated with a drop of normal stress that is
proportional to the dislocation density B(x). Ben-Zion [2001] gives
a detailed review of properties of the Weertman pulse.

3.2. The Standard Case

3.2.1. The Adams instability and ill-posedness. [13] As
noted in section 1, Adams [1995] showed that rupture along a
material interface governed by Coulomb friction is unstable to
perturbations for a wide range of conditions. Ranjith and Rice
[2001] clarified the conditions leading to the instability and noted
that with Coulomb friction the response to perturbations is ill-
posed, when the instability exists, in the sense that the problem
does not have a convergent solution. The ill-posedness manifests
itself in numerical calculations as divergence with grid-size
reduction (see Ben-Zion [2001] for additional details).
[14] Cochard and Rice [2000] demonstrated the ill-posedness

with numerical calculations based on a spectral formulation of a
boundary integral method for the standard case with a Coulomb
friction. We find the same results with the finite difference code of
Andrews and Ben-Zion [1997] and Ben-Zion and Andrews [1998],
when the calculations are done with higher resolutions than used in
those earlier works. We fix the spatial dimensions of the model, use
n2 numerical cells to discretize the domain, and increase the
resolution by increasing n. In Figure 3 we observe essentially the
same features as those in Figure 3 of Cochard and Rice [2000].

3.2.2. Regularization of friction, choice of parameters, and
test of convergence. [15] To perform a parameter space study
without grid-size dependency, we have to regularize the Adams
instability. This can be done (1) with the regularized friction
(Figure 4) of Ranjith and Rice [2001] and Cochard and Rice
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Figure 3. Slip velocity as a function of time at position x = 6.0
(in nondimensional unit) on the fault for different resolutions. The
results show lack of convergence through grid-size reduction for
rupture along a material interface governed by Coulomb friction.
The initial shear and normal stress are 0.7 and 1.0, respectively,
and the friction coefficient is 0.75. The number and size of
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Figure 4. A regularized friction law implemented in the simulations to provide a regularization of the Adams
instability following Ranjith and Rice [2001] and Cochard and Rice [2000]. The response of regularized friction to
abrupt changes of normal stress is gradual evolution toward the corresponding Coulomb strength over a characteristic
distance L or a characteristic time L/V*. In contrast, Coulomb, slip-weakening, and rate- and state-dependent frictions
have an instantaneous in-phase response to normal stress variations. The regularized friction law is based on the
experimental observations of Prakash [1998] and Prakash and Clifton [1993].
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[2000], (2) by replacing the local normal stress in the frictional
criterion with a spatial average in a certain neighborhood domain,
or perhaps (3) by adding viscosity or other forms of attenuation. In
this work we use the first option.
[16] The size of the imposed source in all subsequent calcu-

lations is �60 m. Another length scale is introduced by the
characteristic slip distance L of the regularized friction. We estimate
the length R of the spatial region behind the rupture front over
which slip increases from zero (at the rupture front) to a size L as

R1 m
s1j j L; ð3Þ

where m is the rigidity. Proper discretization of the spatial domain
requires that

dx ¼ qR; ð4Þ

where dx is cell size and q is a small fractional number. Through
trial and error we find that convergence is essentially achieved for
q � 0.1. This is illustrated in Figures 5, 6, and 8. The time step dt is
related to the cell size by

dt ¼ h dx=max P wave velocityð Þ; ð5Þ

where h is a fractional number similar to the Courant parameter.
All calculations are done with h = 0.96. This is equivalent to

choosing 0.4 for the Courant parameter as used by Cochard and
Rice [2000] and is slightly bigger than the value 0.95 used by
Andrews and Ben-Zion [1997] and Ben-Zion and Andrews [1998].
[17] Figure 5 shows the time evolution of frictional strength

with normal stress at three different resolutions (n = 400, 800,
1600; dx = 0.06, 0.03, 0.015). We observe that they all collapse
into a single underlying curve and match well the expected
behavior based on the assumed friction law of Figure 4.
[18] Figure 6 shows the pulse of slip velocity at two observa-

tional points, similar to Figure 6 of Cochard and Rice [2000]. Our
grid size in this set of calculations is not as small as that used by
Cochard and Rice [2000], but it is fine enough to achieve
convergence. This suggests that the finite difference method is
computationally more efficient for this problem than the spectral
method.
[19] Figure 7 gives a space-time view of the slip velocity pulse

for the standard case, similar to Figure 7 of Cochard and Rice
[2000]. The results show a unidirectional self-sustaining Weertman
pulse outside the imposed source region and a faster dying pulse
driven by the waves radiated from the source. At each time step
the maximum of the slip velocity across the fault (which defines
the envelope of slip velocity pulse) is sufficient to characterize the
evolution of the pulse. In subsequent figures that show pulse
evolution in space-time (i.e., Figures 8, 9, and 11–15) we plot
only the maximum slip velocity of the pulse to allow comparison
of many cases in one figure.
[20] Figure 8 shows the envelope of the slip velocity pulse as a

function of time in dimensional units for the standard case with
four different resolutions. The results provide another illustration
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Figure 5. Time evolution of frictional strength (gray lines) with normal stress (black lines), scaled by the coefficient
of friction. The lines are from three different resolutions: dx = 0.06, 0.03, 0.015 (q = 0.1, 0.05, 0.025). The
regularization parameters for the friction are L = 33.3 mm and V* = 6 m/s. The value of V* may be too large for a
good parameter space study. However, the purpose here is to verify the implementation and to show that convergence
is achieved through grid-size reduction.
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that convergence is achieved through reduction of grid size with
the regularized friction.

3.3. Parameter Space Study

3.3.1. Extended calculations for the standard case. [21] In
the calculations leading to Figure 7 of Cochard and Rice [2000] the
spatial resolution is 0.1 m which corresponds to q = 0.04 in (4).
With this resolution their calculations extend to 60 ms in
propagation time. We notice from the end region in Figure 7 of
Cochard and Rice [2000] that the pulse strength is not constant but
is increasing slightly. This suggests that the pulse calculated with
regularized friction may become unstable with continuing
propagation. To examine this possibility, we extend their
calculations to 75 ms (the darker line in Figure 9) and find that
indeed the pulse envelope begins to diverge. Calculations to a
larger distance (the longer line in Figure 9) with a lower resolution
of q = 0.1 show that the self-sustaining pulse of Cochard and Rice
[2000] eventually blows up. Calculations with finer resolution
(darker line, q = 0.04) have a slightly higher rate of divergence.
Since q = 0.1 and q = 0.04 give essentially the same results in their
overlapping range (Figure 8), we use q = 0.1 (dx = 0.25 m) in our
subsequent calculations. In all cases that we have examined, we
find that it is possible to fine-tune the regularization parameters
Land/or V* such that the pulse maintains a constant strength for
some propagation distance. However, the pulse eventually always
either dies or blows up. This indicates that with the regularized
friction of Figure 4 the pulse is only marginally stable.
[22] Andrews and Ben-Zion [1997] and Ben-Zion and Andrews

[1998] found that with Coulomb friction the pulse becomes
narrower and higher with propagation distance. This self-sharpen-
ing and divergent phenomenon also exists with regularized friction

(Figure 10) for propagation distance beyond the initial transient
stable range associated with the particular choices of L and V*.

3.3.2. Effects of frictional parameters L and V************. [23] The
strength of the wrinkle-like pulse (defined, e.g., by the peak slip
velocity at a given distance) is sensitive to the frictional parameters
L and V*. For fixed L (and fixed imposed source size S) the pulse
can propagate longer for larger V* before it dies, and it diverges
once V* exceeds a critical value associated with the employed
fixed L (and possibly also S). The rate of divergence increases with
increasing V* beyond the critical value. For fixed ratio of L/V* and
fixed S the pulse dies for L larger than some value L+ and diverges
for L smaller than another value L�. For intermediate values (L�<
L < L+) it is always possible to find a V* such that the pulse
propagates with an apparent constant strength for a certain
distance. In the calculations that we have done, such pairs of L
and V* approximately follow a scaling relation V* � La, with a
around 2.6. The strength of the pulse is almost the same for
different such pairs of L and V* in the range of propagation for
which the pulse is apparently self-sustaining.

3.3.3. Effects of fault zone width. [24] So far we have
reproduced and extended the results of Cochard and Rice [2000]
with a single material interface. We now examine how the width W
of a fault zone layer (Figure 1) influences the behavior of the
Weertman wrinkle-like pulse. We start from W = 0 and increase W
systematically. The shear wave velocity and mass density of the
fault zone are smaller than those of the surrounding material by
20%. Friction and discretization parameters are the same as those
used in the standard case: L = 8.5 mm, V* = 1 m/s, and q = 0.1
(dx = 0.25 m).
[25] Figure 11 shows envelopes of slip velocity pulses as a

function of time for various fault zone widths. The source size S is
fixed at �60 m, and it provides a length scale with which values of
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Figure 6. Slip velocity as a function of time at two observational points x = 6.0 and x = 8.1 (in nondimensional
units) on the fault for three different resolutions: dx = 0.06, 0.03, 0.015 (q = 0.1, 0.05, 0.025). The regularization
parameters for the friction are L = 33.3 mm and V* = 6 m/s. The amplitude of the slip velocity pulse is decreasing
with time or propagation distance, in contrast to the results of Figure 8, because of the relatively large L and V*.
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W may be compared. It is also possible to compare W with the
length scale R of (3), but here we use S. For the case of W = 0 the
pulse strength decays monotonically outside the imposed source
and reaches zero around 100 ms. This behavior is expected since
this is the limiting case of a fault in a homogeneous medium. The
monotonic decaying behavior remains for W up to around 0.25S
(12.75 m), for which the pulse eventually dies after some initial
oscillations. If we increase W beyond 0.25S, the pulse begins to
evolve toward a divergent behavior. The rate of divergence first
increases for increasing W, reaches a maximum near W ’ 0.5S
(25.5 m), and then decreases to a stable value after W ’ 2.5S (153
m). There are many lines between those labeled W = 153 m and
W = 918 m (the latter being the limiting case of one interface
separating two different materials), and they all almost collapse
into a single curve. Thus, for very narrow fault zones (W � S) the
amplitude of the pulse is decreasing in agreement with the limiting
case of W = 0. For very wide fault zones (W � S) the results
approach those of the standard case of an interface separating two
different materials. For cases with W � S the pulse strength is
notably enhanced by the existence of the low-velocity layer and is
modulated by oscillations related to waves reflecting from the fault
zone walls. The oscillations are shown more clearly in Figure 12,
where we plot only the bottom part of Figure 11. The period of the
oscillations is proportional to W, and the amplitude of the oscil-
lations is decreasing with propagation distance. These features are
expected from a simple geometrical analysis of wave reflections
from the fault zone boundaries and the rupture front (Appendix A).
[26] It is worth pointing out that many of the above features are

not visible if the calculations stop at around 60 ms as in the paper
by Cochard and Rice [2000]. For example, the pulse strength

labeled with 12.75 m is still increasing in that early time interval
but eventually dies out, while the pulse strength labeled with 15.3
m begins to decrease but eventually blows up. The reversals in the
sense of pulse evolution with longer calculations and transition
from apparent stable propagation to divergent behavior in Figure 9
(see also Figures 13 and 14) illustrate the difficulty of mapping
with numerical calculations regions in parameter space belonging
to different dynamic regimes of problems with nonlinearities and
instabilities.

3.3.4. Effects of velocity contrast. [27] We first consider
the standard configuration of only two materials (Figure 13). The
effects of velocity contrast in this configuration was studied by
Ben-Zion and Andrews [1998] with Coulomb friction, while here
we use regularized friction. We change the contrasts of shear wave
velocity and mass density systematically from 10% to 70% with
increments of 10%. In all cases, the Poisson’s ratios of both media
are 0.25. Inside the imposed source (the bump on the left of Figure
13) the maximum slip velocity increases with the material contrast.
Outside the imposed source the slip pulse dies for both low (10%)
and high (70%) material contrast and blows up for intermediate
material contrasts (20–60%). The maximum amplitude growth
with propagation distance is around the velocity contrast (�30%
here) beyond which the generalized Rayleigh speed (Figure 2) does
not exist. These results with regularized friction are similar to the
earlier results of Ben-Zion and Andrews [1998] with Coulomb
friction.
[28] We now consider the effects of different velocity and mass

density contrasts between a fault zone layer with width W = 15 m
and a surrounding rock (Figure 14). We keep material 1 the same
and change the density and velocity of material 2. The contrasts
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Figure 7. Space-time view of the slip velocity pulse for the standard case. The regularization parameters are L = 8.5
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vary again from 10% to 70% with increments of 10%. Inside the
imposed source (the bump on the left of Figure 14) the maximum
slip velocity increases with material contrast as in the case of only
two media (Figure 13). Outside the imposed source, however, the
slip pulse dies only for the lowest (10%) material contrast and
blows up for all other contrasts (20–70%). The amplitude of the
slip pulse oscillates strongly for contrast higher than 30% because
of the existence of the low-velocity zone between the two inter-
faces. The effects of the low-velocity zone become more obvious
when Figures 13 and 14 are combined (Figure 15).

4. Discussion

[29] In a generalized version of the finite difference code used
by Andrews and Ben-Zion [1997] and Ben-Zion and Andrews
[1998], we implemented the regularized friction of Cochard and
Rice [2000] and performed a parameter space study for a model
with a low-velocity fault zone layer. A similar model was
examined by Harris and Day [1997] using a slip-weakening
friction. For a model with a single material interface the finite
difference calculations reproduce the results of Cochard and Rice
[2000] obtained with calculations based on spectral formulation.
This is done with a lower resolution, suggesting that the finite
difference approach is computationally more effective than the
spectral method. Model configurations with a second material
interface were used to study the influence of the width and

velocity of the fault zone layer on the wrinkle-like pulse. We
found that the pulse strength is amplified by the presence of low-
velocity zones for ranges of layer width and velocity. The results
suggest that in fault structures having a low-velocity damage
zone, rupture initiated by failing of an asperity with size not
larger than the damage zone width can become a self-sustaining
wrinkle-like pulse. However, if the initial asperity is much larger
than the damage zone width, the rupture will not propagate as a
self-sustaining pulse. (It may propagate as a classical crack for
appropriate stress/strength conditions.)
[30] In our parameter space study we fix the size of the source

and change the layer width. This is equivalent to fixing the layer
width and changing the source size since the ratio of these two
quantities, together with the friction regularization parameters,
provide the controlling length factor. For wrinkle-like pulse to
occur, it is essential that the material contrast is prominent enough
in the source region to enable coupling of slip to local normal stress
variations. If the source size is much larger than the layer width, the
effects of the low-velocity layer are averaged out, the source senses
effectively a homogeneous medium, and wrinkle-like pulses do not
occur. If the source size is much smaller than the layer width, the
source senses essentially an interface separating two different
materials and wrinkle-like pulses can occur. If the layer is in a
certain range related to the source size and material contrast, the
waves reflected back from the other interface interact significantly
with the rupture front and may enhance the wrinkle-like pulse.

Figure 10. Time histories of slip velocity pulse at different locations on the fault for the standard case. The pulse width
(defined as the full width at the half maximum) decreases as the amplitude increases. The first pulse is at x = 153 m
(some distance away from the imposed source), and the separation between successive observational points is 25.5 m.
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[31] Andrews and Ben-Zion [1997] and Ben-Zion and Andrews
[1998] studied a configuration with a single material interface
governed by Coulomb friction and found the following features for
a wrinkle-like pulse of slip velocity: (1) strong correlation between
variations of normal stress and slip, (2) asymmetric motion on
different sides of the fault, (3) preferred direction of rupture

propagation, and (4) self-sharpening and divergent behavior with
propagation distance. Cochard and Rice [2000] used the same
configuration with a regularized friction and found that features
1–3 also exist with regularized friction, and we confirmed this using
a different method. Furthermore, we found that the self-sharpening
and divergent feature 4 associated with the Adams instability also
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exists with regularized friction. In real earthquake faults, various
attenuation mechanisms will prevent ruptures from developing the
extreme divergent behavior of the simulated slip pulses.
[32] Features 1–4 are consistent in general with observations

from sliding and fracture experiments of Anooshehpoor and
Brune [1999], Schallamach [1971], and O. Samudrala and A.
Rosakis (manuscript in prepartaion, 2001). The preferred direc-
tion of rupture propagation due to the presence of a velocity
contrast (feature 3) has practical implications for seismic hazard
analysis since the most severe shaking occurs in the direction

of rupture propagation. High-resolution studies of aftershock
distribution along the San Andreas fault north of San Juan
Bautista by Rubin and Gillard [2000] show strong directional
asymmetry of aftershock locations. The results are compatible
with a preferred direction of rupture propagation associated
with the material contrast across the fault in that region.
McGuire et al. [2000] analyzed source properties of �30 global
large earthquakes and found that rupture propagation of most
events was predominantly unidirectional. This observation may
be a manifestation of rupture localization along a material
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interface between a relatively compliant fault zone layer and a
stiffer surrounding rock.
[33] Harris and Day [1997] simulated dynamic ruptures within

or at the edge of a low-velocity fault zone layer in a surrounding
medium. In their simulations, rupture is governed by slip-weaken-
ing friction with residual lower level of friction coefficient in the
slipping area and is initiated by dropping the friction coefficient to
its dynamic value over a nucleation zone. They found, as we do,
that the presence of the low-velocity zone induces oscillations in
the rupture properties. However, their simulations produced bilat-
eral crack-like ruptures with overall slip duration comparable to
rupture propagation time. In contrast, the calculations of the
present work use the initiation procedure of Andrews and Ben-
Zion [1997] associated with a smooth traveling pulse of stress drop
in a nucleation zone, regularized friction without a residual
reduction of friction coefficient, and a fault at the edge of a low-
velocity layer. Our results show, like the earlier work of Andrews
and Ben-Zion, unidirectional rupture pulses with properties com-
patible with the analytical predictions of Weertman [1980] and
Adams [1995]. Andrews and Ben-Zion [1997, pp. 561–562]
simulated a unidirectional rupture pulse on a material interface
governed by constant Coulomb friction also with a different
initiation procedure involving a smooth traveling pulse of slip
velocity in a nucleation zone. As noted by Ben-Zion and Andrews
[1998], the results suggest collectively that rupture on a material
interface with heterogeneous stress and strength, initiated by a
strong localized failure having a stress drop considerably higher
than in the reminder of the fault, is expected to propagate outside
the nucleation zone predominantly as a wrinkle-like pulse. The
effects of the initiation procedure, friction law, and initial stress and
strength distributions on properties of rupture along a material
interface should be clarified further in future work.
[34] Ben-Zion and Andrews [1998] performed a parameter

space study for a configuration with a single interface and
Coulomb friction and found strong dependence of pulse strength
on velocity contrast. We observed a similar strong dependence in
our model with a low-velocity layer, modulated by strong oscil-
lations induced by the presence of the low-velocity layer. These
oscillations appear to be a robust feature associated with the layer

and rupture properties, and they might have discernable effects in
laboratory experiments and high-resolution seismic data.

Appendix A: Layer Width and Period
of Oscillations

[35] Starting from the source, the rupture propagates along the
fault radiating P and S waves in all directions. Some waves are
reflected back from the second interface toward the fault. The
reflected wave (Figure A1) that meets the rupture front satisfies

W 2 þ vrt

2

� �2

¼ vt

2

� �2

; ðA1Þ

where W is the width of the low-velocity layer, v is the wave
velocity, and vr is the rupture velocity. This wave will be reflected
back and forth between the two interfaces with some loss of
energy. From (A1) the wave has a period of

T ¼ 2W

v

1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� vr=vð Þ2

q ðA2Þ
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Figure A1. Reflected wave with incident angle i and velocity v
intersecting the rupture front which is moving with velocity vr
where the two arrows meet.
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and an incident angle

i ¼ arcsin
vr

v
: ðA3Þ

Thus the oscillations have a period proportional to the layer
width with a decreasing amplitude, as evident in Figure 12. For
the curve in Figure 12 with layer width 12.75 m the measured
period is around 40 ms. If we use the slower shear wave velocity
(2500 m/s) for v and the measured rupture velocity (2414 m/s)
for vr, we get T ’ 39 ms, which is in good agreement with the
measured value. Using the slower shear wave velocity for v in
(A3) gives an incident angle i ’ 75
. With this incident angle,
20% velocity contrast, and other employed elastic parameters, the
refracted P and S waves and reflected P wave are all inhomoge-
neous with exponential amplitudes decay away from the interface
[Aki and Richards, 1980]. These waves account for the amplitude
loss at each oscillation.
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