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SUPERSHEAR AND SUBRAYLEIGH TO SUPERSHEAR
TRANSITION OBSERVED IN LABORATORY
EARTHQUAKE EXPERIMENTS

ertically dipping crustal faults are long pre-existing

weak planes that extend tens of kilometers perpen-
dicular to the earth’s surface and often host cata-
strophic earthquake rupture events. The geometry

of such faults is often simple enough to apply appropriately .

modified concepts of dynamic fracture mechanics to the
study of the physics underlying their rupture process. Due
to the nature of earthquakes however, direct full field and
real time observations of the rupture process are prohibited
while even strong motion data, which are useful since they
are collected on sites close to fault planes, have limitations
of spatial and time resolution. As a result, most efforts to
date have focused on complicated analytical studies and on
extensive numerical modeling of dynamic rupture processes
using finite element, finite difference, and boundary element
methods. As clearly elucidated by Rice, Lapusta and Ran-
jith,! the nature and stability of the predicted rupture proc-
ess depend very strongly on the choice of cohesive or fric-
tional laws employed in the modeling and, as a result,
experimental validation of the fidelity of such calculations is
of primary importance.

Despite continuous laboratory efforts starting from the early
1970’s,2* there are still many mysteries regarding earth-
quake rupture dynamics. One of the pressing questions is
how fast real earthquake ruptures can propagate. As shown

by Rosakis,? shear cracks in coherent, adhesive, engineering

interfaces can propagate at a supershear velocity (faster
than the shear wave speed C; of the material) in various
bonded bimaterials subjected to impact loading. However,
the question remains on the possibility of supershear growth
of a frictional, earthquake type, rupture whose nucleation is
spontaneous in nature (absence of stress wave loading) and
whose propagation takes place on a mostly frictional, inco-
herent, interface. Whether and how supershear rupture oc-
curs during earthquakes has important implications for seis-
mic hazards because the rupture speed influences the
character of near-field ground motions.

RECENT REPORTS OF SUPERSHEAR
EARTHQUAKE FAULT RUPTURE

The M, 8.1 (M,, 7.8) central Kunlunshan earthquake that
occurred on 14 November, 2001, was an extraordinary event
from the point of view of dynamic rupture mechanics. The
rupture occurred over a long, near-vertical, strike-slip fault
segment of the active Kunlunshan fault and featured an ex-
ceptionally long (400 km) surface rupture zone and large sur-
face slip displacements. Modeling of the rupture speed his-
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tory® suggests rupture speeds that are slower than the
Rayleigh wave speed, Cy, for the first 100 km, transitioning
to supershear speed for the remaining 300 km of rupture
growth. Other events, such as the 1979 Imperial Valley
earthquake,”® the 1992 Landers earthquake,® and the 1999
Izmit earthquake®!® may also have featured supershear
speeds. Even with these estimates at hand, the question of
whether natural earthquake ruptures can propagate at su-
pershear speeds is still a subject of active debate. In addi-
tion, the exact mechanism for transition from subRayleigh
(speed earthquake-type rupture starts with) to supershear
rupture speed is not clear. One answer to this question was
the two dimensional Burridge-Andrews Mechanism (BAM)!!
which is a mechanism introduced to circumvent restrictions
imposed by classical fracture mechanics theories. Classical
dynamic fracture theories of growing shear cracks predict
that dynamic shear fracture cannot propagate in the small
interval between Cj and Cq and thus exclude the possibility
of a smooth transition from subRayleigh to supershear. Ac-
cording to the two-dimensional BAM, a shear rupture accel-
erates to a speed very close to Cy soon after its initiation. A
peak in shear stress is found to propagate at the shear wave
front and is observed to increase its magnitude as the main
rupture speed approaches Cr. At that point, the shear stress
peak may become strong enough to promote the nucleation
of a secondary micro-rupture whose leading edge propagates
at Cp, the longitudinal wave speed of the material. Shortly
thereafter, the two ruptures join up and the combination
propagates at Cp.!!

EXPERIMENTAL DESIGN

To answer the above stated questions, we conducted exper-
iments that mimic the earthquake rupture processes. Our
goal was to examine the physical plausibility and conditions
under which supershear ruptures can be generated in a con-
trolled laboratory environment. We studied spontaneously
nucleated dynamic rupture events in incoherent, frictional
interfaces held together by far-field tectonic loads. Thus we
departed from experimental work that addresses the dy-
namic shear fracture of coherent interfaces loaded by stress
waves.>!2 In this study, a fault is simulated using two pho-
toelastic plates (Homalite) held together by friction and the
far-field tectonic loading is simulated by far-field pre-
compression (Fig. 1la—c). The diagnostics are photoelasticity
combined with high-speed photography (up to 108 frames per
second). The fault system is simulated by using two photo-
elastic plates (Homalite-100, shear modulus G = 1.4 GPa,
Poisson’s ratio v = 0.35, density p = 1200 kg/m?) held to-
gether by friction with a dimension of 150 mm X 150 mm.
The interface (fault) is inclined at an angle « to the horizon-
tal promoting strike-slip rupture events (Fig. 1a). The care-
fully prepared interface has a measured static coefficient of
friction p® = 0.6; the dynamic coefficient of friction p¢ is
estimated by finding the critical « of triggered events, which
is between 10° and 15°, and hence p? = 0.2 is estimated.
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Fig. I: Experimental setup

The far-field tectonic loading is simulated by uniaxial com-
pression exerted at the top and bottom ends of the system
by a hydraulic press (Fig. 1b). The dynamic rupture is nu-
cleated at the center of the simulated fault by producing a
local pressure pulse in a small area of the interface. A thin
wire of 0.1 mm in diameter is inserted in a small hole of the
same size. An electronic condenser is then discharged turn-
ing the metal into expanding plasma to provide the control-
lable pressure pulse (Fig. 1c). The collimated laser beam is
extended to a diameter of 100 mm passing through polariz-
ers and transparent specimen before it is focused to the high
speed camera. The polarizers are so arranged that isochro-
matic fringe patterns are obtained. The fault forms an acute

angle with the compression axis to provide the shear driving -

force for continued rupturing.

A unique device that triggers the rupture in a highly con-
trolled manner is used to nucleate the dynamic rupture
while preserving the spontaneous nature of the rupturing.
This triggering is achieved by an exploding wire technique.
The triggering mechanism is inspired by recent numerical
work on rupture along frictional interfaces.':'>* Experi-
mentally, it is a convenient way of triggering the system’s
full-field, high-speed diagnostics (Fig. 1a) that would other-

wise be unable to capture an event with total duration of *

~50 ps. Before the explosion, the shear traction along the
fault is balanced by the static friction force, which is smaller
than the maximum static friction force. After the explosion,
the local normal traction along the fault is reduced and so
is the static frictional force. As a result, the shear traction,
which is initially smaller than the static frictional force and
unaffected by the isotropic explosion, can be larger than the
reduced frictional force momentarily. The resulting net driv-
ing force will drive the slip along the interface. Furthermore,
the slip will reduce the coefficient of friction as described by
either slip-weakening, slip-rate-weakening or the state and
rate dependent friction law; in other words, the friction
changes from static friction to dynamic friction. If the orig-
inal shear traction is larger than the dynamic friction, the
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slip will continue to propagate away from the explosion site
(corresponding to the hypocenter of an earthquake) where
normal traction reduction due to the explosion is not impor-
tant any more. This way, a spontaneous rupture or labora-
tory earthquake is triggered.

EXPERIMENTAL RESULTS

Experiments featuring a range of « and far-field pressure P
were performed and the symmetric bilateral rupture process
histories were visualized in intervals of 2 ws. Depending on

. P and «, rupture speeds that are either subRayleigh or su-

pershear were observed.

Figure 2 displays isochromatic (maximum in-plane shear
stress field) snapshots of examples of purely subRayleigh
wave speed ruptures from two experiments. In Fig. 2a-b the
inclination angle is 20° and P = 13 MPa. The speed of the
rupture tip (indicated by the arrow) is very close to Cp and
follows very closely behind the circular shear wave front,
which is emitted at the time of rupture nucleation. In Fig.
2c—d the inclination angle is 25° and P = 7 MPa. The speed
of the rupture tip (indicated by the arrow) is again found
to be very close to Cg. The same phenomenon was observed
for either smaller inclination angles or lower uniaxial pres-
sure P.

In Fig. 3, the inclination angle was kept at 25° while the
pressure was increased to 15 MPa. For comparison purposes,
the same time instants (28 ws and 38 s after nucleation)
are displayed. In this case, the circular traces of the shear
wave are also visible and are at the same corresponding lo-
cations as in Fig. 2. However, in front of this circle, super-
shear disturbances (propagating to the northwest, marked
in the photograph as the Rupture-tip and featuring a clearly
visible Mach cone) are shown. The formation of the Mach

Fig. 2: Earthquake experimental results of purely subRayleigh
cases. A and B are from one experiment with a pressure of

P = 13 MPa and angle @ = 20° at the time instants of 28 ps
and 38 ps respectively. C and D are from one experiment
with a pressure of P = 7 MPa and angle a = 25° at the time
instants of 28 s and 38 s respectively.
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Fig. 3: Earthquake experimental results of purely supershear
case. A and B are from one experiment with the pressure of

P = 13 MPa and angle o = 25° at the time instants of 28 ps
and 38 ps respectively.

cone is due to the fact that the rupture is propagating faster
than the shear wave speed of the material. For this case, the
sequences of images other than those at 28 ws and 38 s
have a very similar form and reveal a disturbance that was
nucleated as supershear. Its speed history v(¢) is determined
independently by either differentiating the rupture length

history record or by measuring the inclination angle, 8, of
the shear shocks with respect to the fault plane and using .

the relation v = C4/sin 3. Its speed was 1970 m/s, which is
close to the longitudinal wave speed Cp. This is the first ex-
perimental report of the supershear of a spontaneous shear
rupture to our knowledge. The supershear rupture initiated
right after the triggering of the earthquake rupture, which
can be seen from the fact that the Mach cones are tangential
to the shear wave front.

As discussed earlier, we are interested in investigating how
the supershear rupture nucleated experimentally. For the
experimental results above, the supershear was nucleated
immediately after the triggering. Since the rupture speed is
controlled by both the inclination angle « and the magnitude
of uniaxial compression P, it is possible for us to vary both
of them carefully to delay the appearance of supershear rup-
ture. Specifically, we fix the inclination angle « at 25° and
decrease P in order to capture the nucleation process of a
supershear rupture.

Figure 4a—d corresponds to a case with an intermediate far-

field pressure as compared to the ones displayed in Fig. 2c— -

d and Fig. 3. Here, the angle is kept the same (25°) and the
pressure is decreased to 9 MPa in an attempt to visualize a
transition within our field of view (100 mm). Four different
time instances of the same rupture event are displayed. In
Fig. 4a, the circular trace S waves are visible followed by a
rupture propagating at Cy. At the shear wave front, we can
see a small angular feature which is corresponding to a
shear stress peak and is not visible at the shear wave fronts
in Fig. 2. In Fig. 4b, a small secondary rupture appears in

front of the main rupture and propagates slightly ahead of -

the S wave front. In Fig. 4c—d, the two ruptures coalesce and
the leading edge of the resulting rupture grows with a speed
at a speed of 1970 m/s which is very close to Cj.

Figure 5 displays the length vs. time of the two ruptures.
The length scale is a direct reading from pictures corre-
sponding to the test shown in Fig. 4. Before and after their

coalescence, we compared their slopes to the characteristic .
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Fig. 4: Visualization of the subRayleigh to supershear rupture
transition. A-D are taken at 28 s, 30 s, 32 s and 34 s
respectively.
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Fig. 5: Rupture-tip history showing subRayleigh to supershear
transition

wave speeds of the material. The 3-D P wave speed and S
wave speed of the material are measured using 5 MHz ul-
trasonic transducers. We then calculated the plane stress P
wave speed and plot the slopes corresponding to plane stress

" P, S and Rayleigh wave speeds in the Fig. 5. It also shows

a magnified view of the secondary rupture as it nucleates in
front of the main rupture and both ruptures are indicated
by arrows. For this case, the transition length L, which mea-
sures the distance from the triggering location to the initial
position of the supershear rupture-tip, is approximately 20
mm,

CONCLUSIONS

In conclusion, we designed an experimental setup to study
the dynamics of an earthquake rupturing process. With a
unique triggering mechanism, we are able to mimic the
earthquake ruptures which are spontaneous in nature. We
observed supershear earthquake ruptures and furthermore,
the subRayleigh to supershear rupture transition. The tran-
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sition mechanism qualitatively conforms to the well-known
Burridge-Andrews mechanism.
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