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Abstract Destructive large earthquakes occur as
dynamic frictional ruptures along pre-existing inter-
faces (or faults) in the Earth’s crust. One of the
important issues in earthquake dynamics is the local
duration of relative displacement or slip. Seismic inver-
sions show that earthquakes may propagate as self-
healing pulse-like ruptures, with local slip duration
being much shorter than the overall rupture duration.
Yet many classical models produce crack-like ruptures,
with local slip durations comparable to the overall rup-
ture duration. We study rupture modes in an experi-
mental set up designed to mimic a fault prestressed
both in compression and in shear. Our experiments
demonstrate systematic variation from crack-like to
pulse-like rupture modes as nondimensional shear pre-
stress is decreased. The results of our experiments are
consistent with theories of ruptures on interfaces with
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velocity-weakening friction. To consider the possibil-
ity that slip-weakening friction can also result in such
rupture mode transition in the presence of the dynamic
nucleation procedure employed by the experimental
setup, we conduct numerical simulations with linear
slip-weakening friction. In the simulations, we use the
parameter regimes that were shown in previous studies
to reproduce supershear transition distances obtained
in the same experimental setup. We find that simu-
lations with linear slip-weakening friction are unable
to reproduce pulse-like ruptures, even in the presence
of the dynamic initiation procedure. Our experimental
results and simulations imply that velocity-weakening
friction plays an important role in dynamic behavior of
shear ruptures and needs to be included in earthquake
models.

Keywords Earthquake physics ·
Mechanics of faulting · Pulse-like rupture ·
Shear cracks · Velocity-dependent friction ·
Linear slip-weakening friction

1 Introduction

Destructive large earthquakes occur as dynamic fric-
tional ruptures along pre-existing interfaces (or faults)
in the Earth’s crust. Inversions of seismic and other field
observations have significantly advanced our under-
standing of earthquake ruptures. However, inversions
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are often non-unique and lack detail due to limited
data availability and limited knowledge of the structure
and properties of the crust. This reality highlights the
need for combined experimental and theoretical studies
that both record dynamic rupture phenomena in highly-
instrumented experiments and analyze the experimen-
tal findings through numerical models to understand
implications for fault friction and rupture dynamics.

Numerical models of shear frictional ruptures
often use linear slip-weakening friction (e.g., Andrews
1976; Das and Aki 1977; Day 1982; Archuleta 1984;
Madariaga and Olsen 2000; Uenishi and Rice 2003;
Festa and Vilotte 2006; Liu and Lapusta 2008; Lu
et al. 2009) proposed by analogy with cohesive zone
models of tensile fracture (Ida 1972). This simpli-
fied friction model is convenient, easy to implement,
produces results that can be compared to classical theo-
retical developments, and captures one of the essential
features of frictional resistance that leads to dynamic
rupture, namely the decrease of friction during sliding.
However, accumulating experimental, observational,
and theoretical findings suggest that friction is intrin-
sically dependent on slip velocity. Friction laws for-
mulated based on laboratory experiments and theories
of frictional resistance combine velocity dependence
of friction with transient slip-dependent effects (e.g.,
Dieterich 1979, 2007, 1981; Ruina 1983; Rice 2006;
Tullis 2007; Noda et al. 2009).

One issue that can help determine whether the
linear slip-weakening formulation of friction is ade-
quate for reproducing all basic rupture phenomena,
or whether inclusion of velocity-dependent features
is necessary, is that of pulse-like vs. crack-like rup-
ture modes. Early models of dynamic shear rupture
considered the crack-like mode of earthquake prop-
agation, in which the duration of slip at each point
on the fault is comparable to the overall rupture
duration (Kostrov 1966; Ida 1972; Andrews 1976;
Madariaga 1976). However, seismic inversions indi-
cate (Kanamori and Anderson 1975; Heaton 1990) that
ruptures on real faults may propagate in the pulse-
like mode, in which slip duration at a point is much
shorter than the overall rupture duration. Theoretical
and numerical studies have shown that the issue of rup-
ture modes may have important implications for fault
constitutive laws, stress conditions on faults, energy
partition and heat generation during earthquakes, scal-
ing laws, and spatio-temporal complexity of slip (e.g.,
Heaton 1990; Cochard and Madariaga 1994, 1996; Per-

rin et al. 1995; Beeler and Tullis 1996; Zheng and Rice
1998; Nielsen et al. 2000; Ben-Zion 2001; Nielsen
and Madariaga 2003; Shi et al. 2008; Noda et al.
2009).

Pulse-like ruptures have been obtained in a num-
ber of numerical simulations that include significant
weakening of interface friction with sliding velocity
(Cochard and Madariaga 1994, 1996; Perrin et al. 1995;
Beeler and Tullis 1996; Zheng and Rice 1998; Nielsen
et al. 2000; Lapusta and Rice 2004; Shi et al. 2008).
This implies that fault friction may be characterized
by significant velocity weakening, a conclusion further
supported by a number of recent rock experiments and
theoretical studies that have uncovered strongly veloc-
ity-weakening friction at seismic slip velocities (e.g.,
Tsutsumi and Shimamoto 1997; Tullis and Goldsby
2003; Di Toro et al. 2004; Yuan and Prakash 2008a,b;
Rice 2006; Tullis 2007). Other explanations for the
occurrence of pulse-like ruptures include interaction
of rupture with fault geometry or local heteroge-
neities (e.g., Day 1982; Johnson 1992; Beroza and
Mikumo 1996; Olsen et al. 1997; Day et al. 1998)
and normal stress variation due to difference in mate-
rial properties across the interface (bi-material effect)
(e.g., Andrews and Ben-Zion 1997; Cochard and
Rice 2000; Ben-Zion 2001). Which mechanism dom-
inates in real earthquakes remains an open research
question.

Both pulse-like and crack-like ruptures have been
produced in the laboratory. The first experiments with
pulse-like sliding were done with strong impact load-
ing and interfaces with no shear prestress (Lykotrafitis
et al. 2006a). However, those loading conditions are
quite different from the ones on tectonically loaded
faults in the Earth’s crust. The work of Lu et al.
(2007, 2010) was the first to obtain pulse-like rup-
tures in a configuration that contains an interface pre-
stressed both in compression and in shear, similar to
natural faults that host earthquakes. The experimen-
tal setup was adopted from that of supershear rup-
ture studies (Rosakis 2002; Xia et al. 2004; Rosakis
et al. 2007) and included experimental diagnostics that
allowed to conclusively determine the mode and speed
of rupture propagation (Rosakis 2002; Lykotrafitis et al.
2006a).

We present experimental results on systematic var-
iation from crack-like to pulse-like rupture modes
with fault prestress in Sect. 2. The geometry, load-
ing, and nucleation mechanism in the experiments
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are essentially two-dimensional (2D). This configu-
ration is relevant for understanding the dynamics of
large strike-slip earthquakes which are dominated by
in-plane sliding. The configuration constitutes an exper-
imental equivalent of 2D in-plane or Mode II numer-
ical models of dynamic rupture which are common in
earthquake studies (Andrews 1976; Das and Aki 1977;
Beeler and Tullis 1996; Andrews and Ben-Zion 1997;
Cochard and Rice 2000; Ben-Zion 2001; Festa and
Vilotte 2006; Shi and Ben-Zion 2006; Liu and Lapusta
2008; Shi et al. 2008).

The existence of pulses in the experimental configu-
ration with no bi-material effect and no local heteroge-
neities points to the importance of velocity-weakening
friction in rupture dynamics. This conclusion is further
strengthened by the consistency of experimental obser-
vations with theories of ruptures on velocity-weaken-
ing interfaces (Zheng and Rice 1998; Samudrala et al.
2002; Lu et al. 2007, 2010). However, those consider-
ations do not take into account the nucleation proce-
dure. Recent studies (Festa and Vilotte 2006; Shi and
Ben-Zion 2006; Liu and Lapusta 2008; Shi et al. 2008;
Lu et al. 2009) have shown that rupture initiation proce-
dure can affect the characteristics of propagating rup-
ture, including the rupture mode. In the experiments,
rupture is initiated by a wire explosion that may be
interpreted as local decrease of compression (Lu et al.
2010).

That is why, in Sect. 3, we explore whether the exis-
tence of pulse-like ruptures and the systematic variation
of rupture modes with fault prestress can be explained
by the combination of the rupture initiation procedure
and linear slip-weakening friction. We use the same
model as in Lu et al. (2009) who successfully used it
to match the experimentally observed supershear tran-
sition distances of Xia et al. (2004). Lu et al. (2009)
identified two parameter regimes, in terms of friction
parameters and parameters of the nucleation procedure
that can match the supershear experiments. We explore
both of those parameters regimes and find that, even
in the presence of the dynamic initiation procedure,
the simulations with linear slip-weakening friction can-
not produce pulse-like ruptures presented in Sect. 2.
Rather, simulations with linear slip-weakening result
in ruptures dying right outside the nucleation region for
prestress levels that correspond to pulses in the exper-
iments. This further amplifies the importance of using
velocity-dependent friction laws, as discussed in the
concluding Sect. 4.

2 Experimental results

2.1 Experimental set up that mimics crustal
earthquakes

Our experimental setup mimics a fault in the Earth’s
crust prestressed both in compression and in shear
(Xia et al. 2004; Lu et al. 2007, 2010; Rosakis et al.
2007). A square Homalite plate, with the dimensions
150 mm × 150 mm × 10 mm, is cut to introduce an
interface with an inclination angle α with respect to
the horizontal (Fig. 1). Unidirectional compression P
is applied to the top and bottom edges. The interface
surfaces are treated to create the same texture and
hence the same friction properties in all specimens
(Lu et al. 2010). Elastic properties of the bulk mate-
rial, Homalite, are well documented (Dally and Riley
1991): Young’s modulus E = 3.86 GPa, shear modu-
lus μ = 1.43 GPa, Poisson’s ratio ν = 0.35, density
ρ = 1200 kg/m 3, shear wave speed Cs = 1249 m/s,
longitudinal wave speed Cp = 2187 m/s, and Rayleigh
wave speed CR = 1155 m/s.

Dynamic rupture is initiated in the middle of the
plate by an explosion of a thin wire. A nickel wire
with a diameter of 0.08 mm is embedded within a
0.1-mm hole across the entire plate thickness. The ends
of the wire are connected to a charged capacitor. By
abrupt discharge, the stored electric energy is released
and the surge of the current turns the wire into plasma
(Rosakis et al. 2007). The explosion relieves fault-
normal compression locally, decreasing friction and
allowing shear rupture to start under the action of the
resolved shear stress in a region around the explosion
site. Afterwards, dynamic rupture propagates sponta-
neously outside the nucleation region. The nucleation
mechanism of the wire explosion has multiple exper-
imental advantages. It allows us to synchronize diag-
nostic instruments, to start dynamic rupture with known
and adjustable stress conditions outside of the nucle-
ation region, and to reproduce the same experimental
conditions multiple times while taking different diag-
nostic measurements. At the same time, the initiation
procedure introduces additional complexity. To eval-
uate its effect on the resulting dynamic ruptures, we
have conducted experiments with explosions of differ-
ent strength and found that local slip durations and
hence rupture modes are independent the explosion
strength (Lu et al. 2010). Normal stress changes outside
of the nucleation region were evaluated by performing
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Fig. 1 Schematic
illustration of the
experimental configuration.
a A Homalite sample is cut
to introduce an interface
with an inclination angle α

and compressed with the
load P . Dynamic
photoelasticity is used to
capture the full-field
information of rupture
propagation. Rupture
nucleation is achieved by a
local pressure release due to
an explosion of a thin wire.
b Laser velocimetry is used
to capture the local sliding
velocity of the interface
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fault-normal velocity measurements (Lu et al. 2010),
with the conclusion that there is no significant normal
stress change induced by the nucleation procedure out-
side of the nucleation region.

Dynamic rupture propagation is captured using
high-resolution dynamic photoelasticity and laser
velocimetry (Lykotrafitis et al. 2006a,b; Rosakis et al.
2007). The bilaterally spreading rupture is observed
only until reflected waves return from the edges of
the plate, to enable comparisons with 2D models of
dynamic rupture in infinite elastic media. A typical
observation window is 65 µs. In addition to the full-
field photoelastic images (Fig. 1a), we use two veloc-
imeters based on laser interferometry to measure par-
ticle velocity histories of two points, one above and
one below the fault interface (Fig. 1b). Two reflec-
tive membranes are glued at the points of interest,
and two separate laser beams are focused on the
sides of the two membranes to record either the fault-
parallel or fault-normal particle velocity. The differ-
ence between the two measured fault-parallel particle

velocities represents the interface sliding velocity plus
elastic deformation between the two measurement
points (Rosakis et al. 2007). The elastic deformation
is taken into account when the onset and healing of
the interfacial sliding is determined (Lu et al. 2007,
2010). The velocimeters have the maximum frequency
response of 1.5 MHz and can measure particle velocity
of up to 10 m/s, enabling us to record rapidly varying
high slip velocity at rupture fronts.

2.2 Systematic variation of rupture mode from
crack-like to pulse-like with nondimensional
shear prestress

Experimental parameters P and α determine the
resolved shear traction τ0 = P sin α cos α and normal
traction σ0 = P cos2 α on the interface. The nondimen-
sional shear prestress f0 = τ0/σ0 = tan α indicates
how close the interface is to static failure according
to the Coulomb criterion. Because the static friction
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Fig. 2 Variation of rupture
modes with the interface
inclination angle in the
experiments. a, c, e
Measurements of particle
velocities above (blue lines
marked with circles) and
below (red lines marked
with stars) the interface at
the location of 20 mm from
the rupture initiation, shifted
by −3 m/s for clarity. Their
difference is shown in black
solid lines. The rupture
mode systematically varies
from pulse-like in (a) to
crack-like in (e). b, d, f The
corresponding full-field
photoelastic images.
Markings and lines are
explained in the main text
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coefficient of the interface is about 0.6, the inclina-
tion angle α is chosen to be 30◦ or smaller to ensure
that sliding does not occur during the static preloading
stage.

To study the dependence of dynamic rupture on
interface prestress, we conduct experiments with the
decreasing inclination angle α, starting from α = 30◦
that corresponds to the nondimentional shear prestress

f0 = τ0/σ0 = tan α = 0.58. As angle α decreases,
so does the nondimensional shear prestress, making
the rupture propagation more difficult. We find that the
rupture responds by adjusting the rupture mode from
crack-like for α = 30◦ to pulse-like for α = 25◦
and α = 20◦ (Fig. 2). Note that this is not a trivial
result, as an alternative possibility would be to have,
for lower prestress values, no rupture propagation at all.
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Indeed, as we will see in Sect. 3, simulations with linear
slip-weakening friction predict no rupture for angles
between about α = 25◦ and α = 20◦.

Let us consider the experimental results in more
detail. Figure 2 presents velocimeter measurements in
the left column and photoelastic images in the right
column for three experiments with inclination angles
α = 20◦ (top row), α = 25◦ (middle row), and α = 30◦
(bottom row). Particle velocities and their relative val-
ues shown in the left column are measured at the loca-
tion of 20 mm from the rupture initiation. Individual
channels marked as “upper” and “lower” correspond
to particle velocity histories of points above and below
the interface, respectively; the plotted measurements
are shifted by −3 m/s for clarity. The oscillations in the
individual channels are related to the plate thickness,
as demonstrated by Lu et al. (2010) by considering
plates of different thickness. To approximately remove
this 3D effect, we plot smoothed velocity profiles that
are constructed by averaging the measurements within
the window of 5 µs (dashed lines in the left column of
Fig. 2). These dashed lines point to approximately anti-
symmetric behavior, as would be expected for shear
rupture. Deviations from anti-symmetry and potential
reasons for it are discussed in Lu et al. (2010).

For all three cases, the points on the two sides of
the interface start to move shortly after 10 µs when the
P-wave arrives. They move together initially and then
exhibit relative motion. The relative motion is the sum
of the elastic deformation between the two points and
relative sliding, or slip, on the interface. Relative veloc-
ity between the two measurement points is computed
by subtracting the velocity history of the point below
the interface from that above the interface. Green dots
indicate our estimate of rupture arrival time or the ini-
tiation of relative sliding at the location of 20 mm. To
determine the onset of interface slip, we compute the
relative displacement between the two measurement
locations and take the slip onset to correspond to the
value of displacement that would make the shear stress
between the measurement locations equal to the static
friction strength, assuming uniform shear between the
two points (Lu et al. 2007, 2010). After rupture ini-
tiation, the relative velocity reaches the maximum of
5–8 m/s, depending on the fault prestress.

For α = 30◦, the relative velocity is of the order of
1 m/s throughout the observation window. This means
that the interface does not lock during the observation
window, indicating what we define to be a crack-like

mode. For α = 25◦ and α = 20◦, the relative veloc-
ity decreases to near-zero values within the observa-
tion window, pointing to pulse-like rupture. Note that
the interface can be locked while the relative velocity
has small non-zero values, due to elastic deformation
between the measurement locations and to small exper-
imental errors that can result from slight deviations in
beam alignment and other factors. To estimate the inter-
face locking time, we use two criteria (Lu et al. 2007,
2010). According to the first criterion, sliding stops
when the relative velocity becomes smaller than the
elastic cut-off value δ̇c. If the relative velocity decreases
below δ̇c several times, we take the last time as the time
of interface locking. Those times are marked by half-
filled red dots in Fig. 2. The second, more conservative,
criterion is to insist that the relative velocity drops to
zero and that the integral of relative velocity from that
time until the end of observation time is a small fraction
(<5%) of the total accumulated relative displacement.
The corresponding times are marked by fully filled red
dots in Fig. 2. As Fig. 2 shows, the two locking crite-
ria produce very similar results with respect to rupture
duration and hence rupture mode identification.

The timing of the shear wave arrival, indicated by
a vertical dashed line on the relative velocity trace,
provides us with a way of judging whether rupture is
supershear at the location of 20 mm or not. For α = 30◦
(Fig. 2e), it is apparent that the rupture is supershear,
as it arrives much sooner than the shear wave. In the
other two cases (Fig. 2a, c), the rupture arrival and shear
wave arrival approximately coincide. Note that both the
rupture arrival time and the shear wave arrival time are
indicated with some assumptions. The criterion for the
rupture arrival includes assumptions on how much rel-
ative displacement can occur elastically between the
measurement locations. The shear wave arrival time is
marked assuming that shear waves are emitted at the
time of the capacitor discharge, but heating and explo-
sion of the wire can take some time. Hence the position
of the green dot in Fig. 2a, b could be right behind the
shear wave arrival instead of right in front of it, and all
we can conclude is that the rupture speed is approxi-
mately equal to the shear wave speed, although it could
be sub-Rayleigh. That is why we need to use photo-
elastic images that show the development of the rup-
ture along the interface to conclusively determine the
rupture speed.

To visualize rupture propagation, the relative veloc-
ity records are superimposed on the photoelastic field
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images (the right column of Fig. 2). The photoelas-
tic snapshots shown are taken 22 µs after the wire
explosion. They are the closest images in time to
the shear wave arrival at the location of the velo-
cimeter measurements. The superposition of velocim-
eter measurements and photoelastic images converts
time-dependent rupture history at one location into an
approximation of the space-dependent rupture profile
at the time of the photoelastic snapshot. Converting
the time history of the sliding velocity into spatial var-
iation along the fault is based on the assumption of
a constant rupture speed. Since rupture is expected
to be equi-bilateral, a mirrored profile (with respect
to the nucleation site) is added for visualization pur-
poses. The hypocenter is marked by a star. The circular
P-wave and S-wave fronts are marked with dashed
lines. We see that the arrivals of rupture tips are associ-
ated with high fringe density that marks stress concen-
trations. For α = 30◦, the Mach cones are beginning
to form, consistent with the velocimeter measurements
that point to supershear rupture arrival at the location
of 20 mm.

For each experiment, we have a set of 16 photoelas-
tic images that allows us to compute the evolution of
rupture speed as the rupture propagates along the inter-
face (Lu et al. 2010). Based on the combined diagnos-
tics of laser velocimetry and dynamic photoelasticity,
we can confirm that rupture in the case of α = 30◦ is
indeed supershear, at the location of 20 mm and during
subsequent propagation. In the case of α = 25◦, rupture
becomes supershear within the experimental window
of observation, with the location of 20 mm being close
to the location of supershear transition. For α = 20◦,
rupture stays subshear throughout the observation win-
dow. Hence we have a supershear pulse for α = 25◦
and sub-Rayleigh pulse for α = 20◦.

Figure 3 compares the relative displacements at the
location of 20 mm for the three experimental cases. The
crack-like rupture in the case of α = 30◦ has the largest
displacement that would likely increase further if our
observation window was longer. The pulse-like rup-
tures have smaller relative displacements which level
off before the end of the observation window. The Fig-
ure also clearly shows the progressive decrease in local
rupture duration for smaller angles and hence lower
nondimensional shear prestress level.

The rupture modes observed in our experiments
are summarized in Fig. 4. The results presented in
Figs. 2, 3 correspond to the compressive load of

Fig. 3 The relative displacement between two velocimeter mea-
surement locations for the three cases of Fig. 2. For pulse-like
ruptures (red line of 20◦ case, and blue line of 25◦ case), accu-
mulation of the relative displacement stops within the window of
observation. For the crack-like rupture, the relative displacement
continues to increase. Green and red dots indicate our estimates
of the rupture initiation and arrest on the interface, respectively,
as discussed in the main text
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Fig. 4 Rupture modes in experiments with different experimen-
tal conditions. The experimental results show clear variation from
sub-Rayleigh pulse-like ruptures to supershear pulse-like rup-
tures to supershear crack-like ruptures as the inclination angle is
increased, for two values of the compressive load. Experimental
results for higher compressive loads are given in Lu et al. (2010)

14 MPa. Figure 4 also show the rupture modes for the
case of 10 MPa, to demonstrate that the results are
not restricted to one value of the compressive load.
Note that, for most experimental conditions, multiple
experiments were conducted to verify the rupture mode
and speed. Figure 4 shows a clear systematic variation
from sub-Rayleigh pulse-like ruptures to supershear
crack-like ruptures as the inclination angle or, equiva-
lently, the nondimentional shear prestress, is increased.
We will use this diagram to compare the experimental
results with the results of numerical simulations pre-
sented in Sect. 3. Rupture modes for a wider range of
compressive loads P were reported in Lu et al. (2010).
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Fig. 5 Model that mimics the experimental set up. We con-
sider a planar interface embedded into a uniform isotropic elas-
tic medium under plane stress conditions, as appropriate for a
thin plate. The interface is prestressed both in compression, with
σ0 = P cos2 α, and in shear, with τ0 = P sin α cos α. The rup-
ture is initiated by applying a transient reduction �σ of normal
stress in the region of length 2a in the middle of the interface, as
illustrated in Fig. 6

3 Modeling experiments with slip-weakening
friction

3.1 Model with dynamic rupture initiation procedure

As explained in the introduction, we would like to
explore whether the systematic variation of rupture
modes with fault prestress presented in Sect. 2 can
be captured by a model that incorporates an interface
governed by linear slip-weakening friction and a
dynamic rupture initiation procedure that mimics the
effect of the wire explosion used in the experiments.

We adopt the model used by Lu et al. (2009) to
numerically simulate and match supershear transition
distances observed by Xia et al. (2004). In the model,
a planar interface is embedded into a uniform isotropic
elastic medium with Homalite properties in the con-
text of a two-dimensional plane-stress problem. The
interface is prestressed with shear and normal stresses
τ0 = P sin α cos α and σ0 = P cos2 α, respectively,
where P and α are the parameters of the experiment we
would like to model (Fig. 5).

The rupture initiation procedure adopted in the
model (Figs. 5, 6a) is intended to capture the dynamic
nature of the wire explosion. While the wire is less than
0.1 mm thick, it turns into plasma due to the electric cur-
rent surge, and hence it can affect a larger region along
the interface than the 0.1- mm thickness would suggest.
After each experiment, the interface surfaces contain
a thin layer of metallic particles around the explosion
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Fig. 6 a Time dependence of the normal stress reduction
assumed in the nucleation region. b Linear slip-weakening fric-
tion. In the model, the static coefficient is set to fs = 0.6. Two
sets of values for the dynamic friction coefficient fd and critical
slip Dc are considered, based on the study of Lu et al. (2009)

site. The spatial extent of the layer is typically 4–10 mm
along the interface. We model the effect of the plasma
by applying a reduction �σ of normal stress over a
region of size 2a. For simplicity, we keep the normal
stress reduction uniform over that region. The duration
of the normal-stress reduction is To = 5 µs, consis-
tently with the estimates of Rosakis et al. (2007) and
the preferred value in Lu et al. (2009). Normal stress
is reduced by �σ linearly over 1 µs, kept at the level
(σ0−�σ) for 3 µs, and then brought back to the origi-
nal level linearly over 1 µs (Fig. 6a). The normal-stress
variation reduces the frictional strength of the interface
and allows the sliding to initiate and develop under the
applied shear stress. Note that the normal-stress reduc-
tion �σ we use in the model is always smaller than the
applied normal stress σ0 so that there is no interface
opening. In the experiments, the wire explosion might
cause local opening of the interface; investigating such
scenarios is a goal for future research.

The interface friction is modeled as linear slip-weak-
ening friction with the static friction coefficient fs ,
dynamic friction coefficient fd , and critical slip Dc

(Fig. 6b). The static friction coefficient for our exper-
imental interfaces is well-constrained as fs = 0.6, a
typical value for many materials including rocks. For
the other friction parameters and for the rupture initi-
ation procedure, we use values from the two regimes
identified by Lu et al. (2009) as the ones that allowed
to match the supershear transition distances experi-
mentally observed by Xia et al. (2004). In the first
parameter regime, fd = 0.2,Dc = 13µm, a = 5 mm,
and �σ = 5 MPa. In the second parameter regime,
fd = 0.34,Dc = 1 µm, a = 0.8 mm, and �σ =
3 MPa. As explained in Lu et al. (2009), there is a trade-
off between the values of fd and Dc in matching the
supershear transition distances, with the two parameter
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regimes bracketing what is reasonable in terms of the
dynamic friction coefficient and the resulting critical
crack sizes.

The numerical simulations in this work are per-
formed using a spectral boundary-integral method
(Geubelle and Rice 1995; Liu and Lapusta 2008). The
elastodynamic response of the surrounding medium is
expressed as an integral relationship between stress
and slip on the interface. We use the numerical
implementation of the boundary-integral method of Liu
and Lapusta (2008). In our model, the interface is dis-
cretized uniformly with such a grid that the ratio of the
critical crack half length Lc and cell size h is more than
50 for all calculations. In some cases, higher resolu-
tion is used to validate the numerical convergence. The
cohesive zone size is well-resolved in all simulations.

3.2 Inability of the model to produce pulse-like
ruptures

We conduct numerical simulations for the range of
experimental parameters of Fig. 4 that shows the sys-
tematic variation from crack-like to pulse-like modes.
Two levels of compressive load, P = 10 MPa and
P = 14 MPa, and a number of inclination angles
from 20 to 30◦ are simulated. The map of rupture
modes obtained in the simulations is given in Fig. 7.
For the first parameter regime (Fig. 7a), there are only
two distinct rupture modes: supershear crack-like rup-
ture and no rupture. For the second parameter regime
(Fig. 7b), sub-Rayleigh crack-like ruptures are also
observed. None of the simulations produce pulse-like
ruptures. As the inclination angle α, and hence the non-
dimensional interface prestress f0 = τ0/σ0 = tan α,
is decreased, the simulated rupture mode abruptly
changes from crack-like rupture to no rupture prop-
agation outside of the nucleation region. The boundary
is schematically marked by a dashed line in Fig. 7a, b.
Such behavior is clearly inconsistent with experimental
results.

Figure 8 illustrates rupture development for two rep-
resentative cases right next to the separating dashed
line, as marked by small squares in Fig. 7a. The corre-
sponding inclination angles are 23.5 and 24◦, and the
equivalent nondimensional prestress levels are 0.44 and
0.45, respectively. Snapshots of the relative velocity of
the two sides of the interface, also called slip veloc-
ity, are shown for 4, 12, and 20 µs. For both cases, the

No sustainable pulse

Simulations with linear slip-weakening friction

No sustainable pulse

Simulations with linear slip-weakening friction

(a)

(b)

Fig. 7 Numerical simulations with linear slip-weakening fric-
tion that reproduce the range of experimental parameters shown
in Fig. 4. The simulations produce either crack-like ruptures or
no rupture outside the nucleation region. There are no pulse-like
ruptures. Representative cases separated by 0.5◦ in the inclination
angle and marked by the small rectangles are analyzed further in
Figs. 8 and 9

initiation procedure nucleates two healthy ruptures in
the center of the interface, with almost identical sliding
profiles (Fig. 8a, b). This is reasonable since the small
difference in prestress is not sufficient to compete with
the stress change due to the nucleation procedure. At a
later time of 12 µs, the rupture has died out for the 23.5◦
case (Fig. 8c), but the rupture still exists for 24◦ case,
albeit with smaller slip velocities (Fig. 8d). Clearly, in
the case of 23.5◦, rupture is unable to propagate outside
of the nucleation region. At 20 µs, the interface contin-
ues to be locked for the case of 23.5◦ (Fig. 8e), while,
for the case of 24◦, the rupture is growing in compari-
son with the previous snapshot (Fig. 8f, d).

Slip evolution for the cases at the boundary between
crack-like ruptures and no rupture propagation is pre-
sented in Fig. 9. Slip accumulation every 2 µs is shown.
Results for the first parameter regime, already illus-
trated in Fig. 8, are given in the top row. There are only
three lines for the case of 23.5◦, which means that slip
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Fig. 8 Snapshots of sliding
velocity for two simulations
marked with squares in
Fig. 7a. The left column
shows a rupture that arrests
right after the end of the
nucleation process. The
right column shows a
crack-like rupture. The
difference between the two
cases is in the inclination
angle, which is larger by
0.5◦ for the case on the
right

(a)

(c)

(e) (f)

(d)

(b)

arrests after about 6 µs, or right after the end of the
nucleation procedure, which lasts 5 µs. The rupture is
not able to propagate outside of the nucleation region
that extends, for this parameter regime, 5 mm on both
sides of the interface center. The case of 24◦ produces
a healthy crack that transitions to supershear speeds.
Results for the second parameter regime, with a much
smaller critical slip distance of slip-weakening friction
and hence a much smaller extend of the nucleation
zone, from −0.8 mm to +0.8 mm, are shown in the bot-
tom row. For the case of 24◦, the nucleation procedure
does not initiate sliding in the nucleation region, hence
there is no rupture on the interface (Fig. 9c). For the case
of slightly larger inclination angle of 24.5◦, the numer-
ical simulation results in a supershear crack (Fig. 9d).

These simulations suggest that the model with
linear slip-weakening friction is unable to produce
pulse-like ruptures, even in the presence of dynamic
nucleation procedure that favors pulse-like ruptures due
to its abruptness and short duration. Instead of rup-
ture mode varying from crack-like to pulse-like with
decreasing prestress, as observed in the experiments,
simulations with linear slip weakening produce a direct
change from no rupture propagation outside the nucle-
ation region to crack-like rupture with a small increase
in prestress. This is consistent with prior theoretical
studies (Heaton 1990; Perrin et al. 1995; Zheng and
Rice 1998) which found that slip-weakening friction is
not sufficient to maintain pulse-like sliding, and veloc-
ity weakening of friction is required.
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Fig. 9 Slip accumulation
for the cases marked with
squares in Fig. 7. a–b Two
cases that represent change
from no rupture to
supershear crack-like
rupture for the first
parameter regime. c–d Two
cases that represent change
from no rupture to
supershear crack-like
rupture for the second
parameter regime. For both
(a–b) and (c–d), the two
cases differ only by 0.5◦ in
the inclination angle

supershear
transition

fd=0.34, Dc=1 μm
a=0.8 mm, Δσ=3 MPa

fd=0.34, Dc=1 μm
a=0.8 mm, Δσ=3 MPa

(a)

(c) (d)

(b)

4 Conclusions and discussion

Our experiments show that dynamic shear ruptures on
interfaces prestressed in compression and in shear sys-
tematically vary from crack-like to pulse-like as the
nondimensional shear prestress is reduced (Sect. 2; Lu
et al. 2007, 2010). Similar systematic variation of rup-
ture modes has also been observed for the decrease in
absolute stress levels (Lu et al. 2010). Previous exper-
imental studies have shown that both crack-like and
pulse-like rupture modes can transition to supershear
speeds, with pulse-like rupture modes having smaller
supershear rupture speeds than crack-like modes (Lu
et al. 2007, 2010). All of these experimental results
are consistent with the theories of shear ruptures on
velocity-weakening interfaces (Zheng and Rice 1998;
Samudrala et al. 2002; Lu et al. 2007, 2010).

Our attempts to reproduce the systematic variation
of rupture modes using the model with linear slip-weak-
ening friction and a dynamic rupture initiation proce-
dure have been unsuccessful (Sect. 3), despite the fact
that Lu et al. (2009) were able to use the model to match
supershear transition experiments of Xia et al. (2004).
The simulations result either in crack-like ruptures or
in ruptures that cannot propagate outside the nucle-
ation region. Our numerical simulations suggest that

interfaces governed by linear slip-weakening friction
cannot produce pulse-like ruptures on homogeneous
and uniformly prestressed interfaces even in the pres-
ence of a dynamic nucleation procedure. Note that it is
still possible that some special choice of the nucleation
procedure and parameters of linear slip weakening may
result in transient pulse-like propagation outside of the
nucleation region, as our simulations have not explored
all parameter combinations; we have tested the param-
eter combinations that were shown to be potentially
relevant to the experimental set up by Lu et al. (2010).
However, the absence of even a single instance of
pulse-like propagation in our simulations indicates the
generic difficulty that the model has in reproducing
pulse-like ruptures.

The experimental results and the simulations high-
light the importance of velocity-weakening friction for
shear rupture dynamics and the need to include veloc-
ity dependence of friction into earth -quake models.
Our study implies that expressing dynamic weaken-
ing of friction solely in terms of slip may not be a
sufficiently general description. An important future
goal would be to measure the high-velocity fric-
tion properties of Homalite to check that its fric-
tion indeed exhibits velocity weakening as our study
suggests.
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