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Laboratory Earthquakes Along
Inhomogeneous Faults:
Directionality and Supershear

Kaiwen Xia,"?* Ares ). Rosakis,’ Hiroo Kanamori,? James R. Rice®

We report on the experimental observation of spontaneously nucleated
ruptures occurring on frictionally held bimaterial interfaces with small
amounts of wave speed mismatch. Rupture is always found to be asymmetric
bilateral. In one direction, rupture always propagates at the generalized
Rayleigh wave speed, whereas in the opposite direction it is subshear or it
transitions to supershear. The lack of a preferred rupture direction and the
conditions leading to supershear are discussed in relation to existing theory
and to the earthquake sequence in Parkfield, California, and in North Anatolia.

There is evidence for supershear rupture prop-
agation during earthquakes (/—6), and the link
between large earthquakes and the conditions
leading to supershear has been established
experimentally (7).

Although many of the physical aspects of
dynamic rupture (including supershear) are
recently becoming clearer in relation to homo-
geneous faults (i.e., faults separating the same
material) (7—13), the behavior of spontaneously
nucleated ruptures in inhomogeneous faults
(i.e., separating materials with different wave
speeds) is still experimentally unexplored
except in (/4). Because many large earth-
quakes rupture on faults separating rock masses
with different wave speeds, the mechanics of
sliding in bimaterial systems is relevant to
seismology. Specifically, the questions of
whether a preferred rupture direction exists
(11), whether a unilateral or bilateral faulting
dominates (/5), and what the condition is for
supershear rupture propagation are particularly
relevant to fault dynamics. These questions are
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also relevant to hazard potentials of large
earthquakes, because directionality and rupture
speed control near-field ground motions.
According to analysis and numerics, there
are two types of such steady, self-sustained
pulses (16, 17). One type corresponds to rup-
ture growth in the direction of slip in the lower
wave speed material of the system, and this
direction is referred to as the positive direction
(10, 11). The rupture pulses belonging to this
type are subshear and always propagate with a
steady velocity V' = +Cgy, the generalized
Rayleigh (GR) wave speed of the system. In
this work, we refer to such ruptures as positive
GR ruptures and abbreviate them as +GR
ruptures. The second type of self-sustained
ruptures corresponds to propagation in the
negative direction opposite to +GR ruptures
(17, 18). Such pulses are supershear and al-
ways propagate with a steady velocity that is
slightly lower than the P-wave speed of the
material with the lower wave speed (V =
—C32). In the present paper, we will abbre-
viate such ruptures as —Pg; ., ruptures.
Our experiments examined the effect of
material contrast on the rupture growth of
spontaneously nucleated dynamic ruptures
hosted by inhomogeneous, frictional inter-
faces. These interfaces are held together by
static, far-field pressure-shear simulating natu-
ral tectonic loads. The experiments mimic
natural earthquakes where bimaterial contrast
between intact rock masses seldom exceeds
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30% in shear wave speeds (/0). The experi-
mental setup is similar to that used in our
previous study of rupture in homogeneous
interfaces (7). This configuration has proven
effective in producing accurate, full-field, and
real-time information of generic rupture char-
acteristics that can ultimately be related to the
rupture behavior of natural fault systems.

A Homalite-100 [Homalite (Division of
BIG, Incorporated), Wilmington, DE] plate
(material 1, top) and a polycarbonate plate
(material 2, bottom) are held together by far-
field load, P (Fig. 1). The ratio of shear wave
speeds in the materials, C!/C2 = 125, is
chosen to be at the high end of the naturally
occurring bimaterial range so that the inter-
facial phenomena of interest are observable in
the experiments. The shear wave speeds (Fig.
1) are directly measured for each material by
following the shear wave fronts with the use of
high-speed photography and photoelasticity.
Photoelasticity, being sensitive to maximum
shear stress fields, is perfectly suited for mea-
suring shear wave speeds and for scrutinizing
shear-dominated rupture processes in brittle,
transparent, and birefringent solids (7). The P-
wave speeds were calculated by using
measured values of Poisson’s ratios (v! =
0.35, v> = 0.38) and by using the directly
measured shear wave speeds. Plain strain values
were used, because we are interested in
processes that take place at short wavelengths
near the front of the rupture. An independent
measurement of the longitudinal wave (P wave)
speeds in the plates using ultrasonic transducers
has confirmed these calculated values to within
5%. GR waves for this bimaterial pair exist,
and their speed is calculated to be C = 959
m/s, a value which is close to the shear wave
speed of polycarbonate.

The dynamic rupture is triggered by means
of an exploding wire mechanism, which
simulates a localized pressure release at the
desired location of the simulated hypocenter
(7). About 32 experiments featuring different
angles, a (20°, 22.5°, and 25°), and far-field
loading P (10, 13, and 18 MPa) were per-
formed, and the rupture events were repeat-
edly visualized in intervals of 3 us by a
digital high-speed camera system used in
conjunction with dynamic photoelasticity (7).
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The higher level of angles was limited by the
static frictional characteristics of the inter-
face. Depending on P and o, three distinct
and repeatable rupture behaviors were ob-
served. In all cases, the two separate, semi-
circular traces of the shear waves in the two
materials were visible as discontinuities in
the maximum shear stress field. The ruptures
were always bilateral and became progres-
sively asymmetric with time within the time
window of all experiments.

Two distinct rupture tips, one propagating
to the west and the other to the east with
velocities VF and VW, respectively, were
identified by a distinct concentration of fringe
lines (Fig. 2). For this case (case 1), both tips
propagated at subshear velocities, V'E < W <
CZ < CL. Differentiation of the rupture length
time histories, obtained from a series of high-
speed images, allows for estimation of the
rupture velocity histories. The rupture prop-
agating to the west is in the direction of slip
of the lower wave speed material (positive
direction). Within experimental error, this
rupture is found to propagate at a constant
velocity close to Cgpr (VWY = 950 m/s =
+Cggr)- The rupture propagating to the east
(negative direction) grows at an almost con-
stant subshear velocity VE = —900 m/s,
which is slower than the Rayleigh wave
speed, C2, in the slower wave speed material.
The observations were similar for smaller o
values and compressive P loads as well. In
this case, the rupture speed to the east
remained sub-Rayleigh (VE < CL < C3).
However, its velocity varied continuously
across experiments with different load lev-
els and angles. In particular, smaller o and
lower P resulted in V'E being lower fractions
of CZ.

A distinct but equally repeatable rupture
case (case 2) was observed for higher values
of o and P. These conditions correspond to
higher values of driving stress or to con-
ditions closer to incipient uniform sliding of
the entire interface. A typical example
corresponding to o = 25° and P = 18 MPa
(Fig. 3) shows that the rupture was bilateral
with a westward tip trailing behind both
shear wave traces. This tip propagated at a
constant velocity V'V = +C,. This observa-
tion is identical to the situation described
above in relation to lower values of o and P.
The eastward propagating tip, however, is
different from the previously described case.
This tip propagated with a velocity faster than
both the shear wave speeds. Moreover, its
structure (Fig. 3) is distinctly different from
the structure of westward moving +GR type
of rupture. As a conclusive proof of its
supershear velocity, two distinct shear shock
waves are clearly visible. The magnitude of
the velocity of the eastward rupture |V'E| was
1920 m/s, which is ~12% less than the
longitudinal wave (P wave) speed, C2, of the

lower wave speed material. |FF| is also equal
to 1.6C} or is slightly higher than V2 C3.
Both cases described above feature west-
ward propagating ruptures that are of the +GR
type. Irrespective of the values of o and P,
these ruptures have a constant speed V'V =
+Cqr and they propagate in the positive
direction. However, those two cases also
feature eastward ruptures that are distinctly
different in nature. For sufficiently low P and o,
the eastward ruptures, which propagate in the
negative direction, are purely subshear with-
in the time window of our experiments. For
large enough P and o, however, eastward
ruptures propagate with a constant super-
shear velocity whose magnitude is slightly
less than C2 and are thus of the —Pg .
type. To visualize an intermediate situation
and a controlled transition from one case to
the other within the field of view, we
reduced P to 13 MPa (Fig. 4, A and B). In-
deed for this case (case 3), Fig. 4 shows a
smooth transition from case 1 to case 2
within the same experiment. Although the
westward rupture remains of the +GR type
throughout the experiment, the eastward
rupture jumps from a constant subshear
velocity (—910 m/s) to a constant supershear
velocity (—1920 m/s) and thus transitions to
the —Pg; 5w type. The rupture length-versus-
time plot (Fig. 5) also shows the abrupt
transition of the eastward rupture from a
subshear velocity to a velocity whose mag-
nitude is slightly less than C2. This happens
at a transition length, L, which is ~25 mm.
The eastward transition behavior of case 3
(Figs. 4 and 5) is similar to the one we have
discussed (7) in relation to homogeneous
interfaces, whereas the transition length, Z, is
also a decreasing function of o and P. The
ruptures that propagate in the negative di-
rection require a certain minimum rupture
length before they become supershear. This
observation suggests a link between super-
shear growth in the negative direction and
large earthquakes. In contrast, no such tran-
sition was observed for +GR ruptures,
irrespective of o, P, and rupture length.
Although it is difficult to determine wheth-
er the ruptures are pulse-like, crack-like, or a
mixture of the two, the observations confirm
the existence of two distinct self-sustained and
constant speed rupture modes. These are
similar to the ones that have been theoretically
and numerically predicted (10, 11, 17, 19-21).
In particular, a +GR type of rupture mode is
always excited instantaneously in the positive
direction. Furthermore, a —Pg, ,,, mode is
observed as long as the rupture propagating in
the negative direction is allowed to grow to
sufficiently long distances from the hypo-
center. The triggering of the — Py, ., mode is
always preceded by a purely subshear, crack-
like rupture whose velocity depends on
loading and geometry as well as on the bi-

material characteristics. Therefore, the exis-
tence of this preliminary and apparently
transient stage is one of the main differences
with early numerical and theoretical predic-
tions (17, 16, 17, 19, 20, 22, 23).

Another difference from some of the
numerical predictions (71, 17, 20, 21) is the
consistent experimental observation of bilat-
eral rupturing. In contrast to the experiments,
the above numerical predictions only excite
one or the other of the two self-sustained
rupture modes (/7), giving rise to purely
unilateral rupture events. They also favor the
triggering of the +GR mode in low wave
speed mismatch bimaterial systems (11, 20).
This kind of preference has led to the labeling
of the positive direction as the preferred
rupture direction (/7). These numerical results
are also consistent with the notion of rupture
directionality (/5), whereas our experiments
are not. One exception to this rule is provid-

Pressure, P

%% Material 1

Hypocenter

Material 2
(Slow)

150 mm X 150 mm

Fig. 1. Laboratory earthquake model composed
of two photoelastic plates of the same geom-
etry. The higher wave speed material at the top
(Homalite-100) has a density p, = 1262 kg/m?3,
a shear wave speed C\ = 1200 m/s, and a
longitudinal wave speed C}, = 2,498 m/s. The
lower wave speed material at the bottom
(polycarbonate) has a density p, = 1192 kg/m?,
a shear wave speed C%3 = 960 m/s, and a
longitudinal wave speed C2, = 2,182 m/s. The
fault is simulated by a frictionally held contact
interface with an angle to the applied load,
which is varied to mimic a wide range of tec-
tonic load conditions. Spontaneous rupture is
triggered at the hypocenter through an exploding
wire mechanism. The static compressive load P is
applied through a hydraulic press. By arbitrary
convention, the fault strike runs in the east-west
direction with the lower wave speed solid
located on the south side. As viewed from the
camera, a rupture will produce right lateral slip.
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ed by the early numerical analysis by Harris
and Day (24), which consistently reports
asymmetric bilateral rupture growth in a va-
riety of low speed contrasts in homogeneous
fault systems. The results of Harris and Day
are qualitatively similar to the experimental
observations of cases 1 and 2. However, no
transition is reported. To reconcile the observed
differences between models and our experi-
ments, we note that unstable slip rupture propa-
gation has also been observed (7) on Homalite/
Homalite and polycarbonate/polycarbonate
interfaces. Such unstable rupture growth would
be possible only if there was a reduction of
friction with slip and/or slip rate, and hence
such reduction must be a property of both
materials when sliding against themselves. It is
then plausible to assume that a similar reduc-
tion of friction occurs along the Homalite/
polycarbonate interface. Hence, its rupture
behavior should not be expected to fully
correspond to the idealized models of a dis-
similar material interface with constant co-
efficient of friction. Indeed the goal of some
of the early theoretical and numerical studies
(10, 11, 16, 17, 19, 20, 22, 23) was to in-
vestigate what kind of unstable slip would
develop on a surface that, as judged from
conventional friction notions, was superfi-
cially stable in the sense that its friction
coefficient, £, did not decrease with slip and/or
slip rate. For most brittle solids, however,
ample evidence exists that f* does decrease
with increase of slip and/or slip rate. As a
result, a proper model for natural faulting
along a bimaterial interface should include
both a weakening of f and the slip-normal
stress coupling effects of the bimaterial
situation. Indeed, such a weakening model

Fig. 2. (Left) Rupture
case 1. The photoelastic
patterns for an experi-
ment with o = 22.5°
and P = 18 MPa. Both
ruptures to the east and
the west are subshear.
Fig. 3. (Right) Rupture
case 2. For o = 25° and
P = 18 MPa, the bilat-
eral rupture features
two distinct tips. The
one propagating to the
west (positive direc-
tion) has a velocity
VW = 4Cg, whereas
the one propagating
to the east (negative
direction) is super-
shear (VE). (Upper in-
sert) Two clear lines
of discontinuity in the
maximum shear con-
tours of photoelasticity.
Each of these lines

(shear shock waves) is located at two different angles, B, = 41° and
B, = 30°, to the north and to the south of the fault, respectively. The
two angles, B,, n = 1,2, are related to the shear wave speeds C7 and
to the rupture velocity VE by B, = sin-'(VE/C?). This relation

was included by Harris and Day (24). Given
the above, it would be an invalid interpretation
of the results of the earlier set of papers to
conclude that the rupture (including preference
for specific rupture mode) scenarios they
predict constitute the full set of scenarios
available to a real earthquake, of which f
decreases with increasing slip and/or slip rate.
The consistently bilateral nature of rupture
predicted by Harris and Day (24) is perhaps an
indication of the effect of including a slip
weakening frictional law in their calculations.

Our experiments do not support a prefer-
ence of rupture direction. Although they
support the idea that frictional ruptures in the
positive direction always propagate at a spe-
cific constant velocity (V' = +Cgy), they still
allow for self-sustained intersonic ruptures
eventually growing in the negative direction.
This possibility becomes more likely if their
transient, subshear, and precursory ruptures
propagate over a long enough distance and are
not arrested prior to transitioning to super-
shear. The requirement of a critical transition
length in the negative direction thus provides
a link between large earthquakes and the
occurrence of self-sustained supershear rup-
ture in the negative direction.

The 1999, M7.4, Izmit earthquake in
Turkey is perhaps a good example for which
both modes of self-sustained rupture may have
been simultaneously present, as is the case in
our experiments. The event was a right-lateral
bilateral rupture on a straight segment of the
North Anatolian fault. The westward prop-
agating rupture had a speed close to the
Rayleigh wave speed, whereas the eastward
rupture had a supershear speed that was
slightly above the v/2 times the shear wave

SubF'&aerigh

Shear Wave 2
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speed of crustal rock (3, 25). Because the
geometry of our laboratory earthquake is
similar to the Izmit event, direct comparison
of the Izmit earthquake and the case de-
scribed in Fig. 3 reveals similarities. In ad-
dition to the right lateral asymmetric bilateral
rupture, case 2 featured a subshear westward
rupture propagating at +Cgy. To the east,
however, the laboratory rupture propagated at
a velocity whose magnitude was slightly
lower than C2, which also happens to be
equal to 1.6CY for the particular bimaterial
contrast of the experiments. Indeed, if one
interprets the Izmit event as occurring in an
inhomogeneous fault with the lower wave
speed material being situated at the southern
side of the fault, the field observations and
the experimental measurements of both rup-
ture directions and speeds are consistent.
Moreover, when the bimaterial contrast is
low enough, the differences between C and
the average of the two Rayleigh wave speeds,
(CL + C2)2, as well as the difference
between 1.6CL and /2 (Cy+C2%)/2, would
be small enough not to be distinguished by
the inversion process. In addition, viewing
the fault as inhomogeneous can explain the
choice of direction for the subshear and the
supershear branches, respectively (26). The
1999 Diizce earthquake can also be inter-
preted along a similar line of argument as used
for Izmit. The Diizce rupture featured right
lateral slip, and it extended the Izmit rupture
zone 40 km eastward through asymmetric
bilateral slip (3). Modelling indicates subshear
westward and supershear eastward rupture
fronts. The direct comparison with case 2
(Fig. 3) thus provides an explanation for the
rupture direction and velocity. This explana-

provides independent means of estimating VE from each individual
frame of the high speed camera record without reliance on the less
accurate rupture length history. Both methods yield consistent
values of VE = —1920 m/s.
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Fig. 4. Rupture case 3.
Experimental results
for o = 25° and P =
13 MPa showing tran-
sition of the eastward-
moving rupture to super-
shear. The westward
rupture retains a con-
stant velocity VW =
+Cqr (A) Before transi-
tion to supershear. (B)
After transition to super-
shear.
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Fig. 5. Rupture time-distance plot for an exper-
iment with o = 25° and P = 13 MPa.

tion is plausible if one assumes that the
material to the south of the North Anatolian
fault, at its western end, is the lower wave
speed solid.

By using similar arguments to the ones
used for Izmit and Diizce, one can perhaps
provide a unified rationalization of the seem-
ingly random rupture directions and rupture
velocities of the series of earthquakes that
have occurred since 1939 along the North
Anatolian fault and ended in 1999 with the
Izmit and Diizce events. The following ar-
gument requires the assumption that, in av-
erage and along its entire length, the North
Anatolian fault features the same type of
bimaterial inhomogeneity as the one that has
been summarized for Izmit and Diizce.
Limited evidence supporting such an assump-
tion is currently available (27). If this is true,
in some average sense, one would expect that
the slight majority (60%) of the large (M >
6.8) earthquake events (i.e., 1939-M7.9,
1942-M6.9, 1944-M7.5, 1951-M6.8, 1957-
M6.8, and 1967-M7.0), which featured west-
ward propagating ruptures, were probably of
the +GR type. In other words, that implies
that they were classical subshear ruptures that

propagated at +C; in the positive direction.
The remaining four ruptures (i.e., 1943-M7.7,
1949-M7.1, 1999-M7.4, and 1999-M7.1) of
the series were irregular in the sense that they
featured dominant eastward growth branches,
which were probably of the —Pg; ., type.

The Parkfield earthquake sequence pre-
sents another interesting case in the context of
bimaterial rupture. The slip is right-lateral, and
the crust on the west side has faster wave
speeds than on the east side (28). The two most
recent Parkfield earthquakes ruptured the
same section of the San Andreas fault. The
rupture directions of the 1934 and the 1966
events were southeastward (positive direc-
tion), whereas the 2004 earthquake ruptured
in the opposite direction (negative direction).
Results from early constant friction coefficient
studies in bimaterials (16, 17, 19, 20, 22, 23)
implies that the positive (southeastward)
direction of the 1934 and the 1966 events
is a preferred direction. According to this
notion, the negative (northwestward) direction
of the 2004 earthquake would not be favored.
However, our experiments have demonstrated
that a rupture in the negative direction can
occur.
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