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Scaling of the shear rupture process from nucleation to dynamic
propagation: Implications of geometric irregularity
of the rupturing surfaces
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Abstract. A series of systematic, high-resolution laboratory experiments have been
performed on the nucleation of propagating slip failure on preexisting faults having
different surface roughnesses to demonstrate how the size scale and duration of shear
rupture nucleation are affected by geometric irregularity of the rupturing surfaces. On the
basis of the experimental results it has been discussed theoretically how consistently scale-
dependent physical quantities inherent in shear rupture are scaled. The experiments led to
conclusive results that the nucleation process consists of two phases (phase I, an initial,
quasi-static phase, and phase 11, a subsequent accelerating phase) and that the nucleation
process is greatly affected by geometric irregularities on the rupturing surfaces. In phase I

the rupture grows at a slow, steady speed which is independent of the rupture growth
length L. In contrast, during phase II the rupture develops at accelerating speeds V/,
which increase with an increase in L, obeying a power law V/Vg = a(L/A.)", where Vy is
the shear wave velocity, A, is the characteristic length representing the geometric
irregularity of the fault surfaces, and « and n are constants (a« = 8.87 X 107’ and n =
7.31). Scale dependency of scale-dependent physical quantities, including the nucleation
zone size and its duration, is commonly ascribed to scale dependency of the slip-
dependent constitutive law parameter D, which is in turn governed by A.. It has been
discussed that a unified comprehension can be provided for shear rupture of any size scale
if the constitutive law for shear rupture is formulated as a slip-dependent law.

1. Introduction

Once shear rupture instability occurs in the brittle regime,
the rupture propagates dynamically at a high speed close to
sonic velocities. This is often referred to as brittle rupture, and
a typical large-scale example is the earthquake rupture insta-
bility that takes place in the brittle layer in the Earth’s crust.
From a physical viewpoint, however, shear rupture cannot be-
gin to propagate abruptly at speeds close to sonic velocities
immediately after the instability is attained when the constitu-
tive property of the fault is inhomogeneous. It has been dem-
onstrated by both laboratory experiments [Dieterich, 1978; Di-
eterich et al., 1978; Okubo and Dieterich, 1984; Ohnaka et al.,
1986, 1987a; Ohnaka and Kuwahara, 1990; Ohnaka, 1990, 1996;
Kato et al., 1992] and numerical simulations [Yamashita and
Ohnaka, 1991; Matsu’ura et al., 1992; Dieterich, 1992; Dieterich
and Kilgore, 1996; Rice and Ben-Zion, 1996; Tullis, 1996; Kato
and Hirasawa, 1997; Shibazaki and Matsu'ura, 1998] based on
constitutive laws for friction or shear rupture that unstable,
high-speed rupture is preceded by stable, quasi-static rupture
growth in a localized zone. The transition process from stable,
quasi-static rupture growth to the phase of unstable, high-
speed rupture in a localized zone is what is called the nucle-
ation process.

High-resolution laboratory experiments on propagating
mode II type shear rupture along a preexisting fault have
suggested [Kuwahara et al., 1986; Ohnaka, 1996] that the nu-
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cleation process consists of two phases: phase I is an initial,
quasi-static phase, and phase II is the subsequent accelerating
phase, which eventually leads to dynamic high-speed propaga-
tion of the rupture. However, understanding the nucleation
process of shear rupture quantitatively in terms of the under-
lying physics is still far from complete. It has widely been
recognized that some physical quantities inherent in shear rup-
ture are scale-dependent. For instance, recent studies
[Ohnaka, 1996, 1998] suggest that the size of shear rupture
nucleation and its duration are scale-dependent; that is, the
size scale and duration of the nucleation increase with an
increase in the characteristic length representing the fault sur-
face roughness. If this is the case, both the critical size of
nucleation and its duration for large-scale earthquake rupture
should differ greatly from those for shear rupture of small scale
in the laboratory. However, how these scale-dependent physi-
cal quantities are scaled in terms of the underlying physics
remains unresolved. More specifically, by what physical param-
eter are these scale-dependent quantities scaled consistently in
quantitative terms? These unresolved problems are critical to
provide a unified comprehension for shear rupture of any size
scale, from small scale in the laboratory to large scale in the
Earth as an earthquake source.

During shear rupture, slip displacement proceeds on the
rupturing surfaces in the breakdown zone behind the propa-
gating front of rupture, and hence the rupturing surfaces are in
mutual contact and are interacting throughout the breakdown
process. This suggests that the shear rupture process may be
severely affected by geometric irregularities on the rupturing
surfaces and that the size of the breakdown zone over which
the shear strength degrades transitionally to a residual friction

817



818

stress level with ongoing slip may also be greatly influenced by
these geometric irregularities. This leads to the speculation
that geometric irregularities on the rupturing surfaces will be a
key factor in scaling the size scale and duration of the shear
rupture process.

In this paper we first wish to demonstrate with laboratory
experiments how severely the length scale of shear rupture
nucleation is affected by geometric irregularities on the rup-
turing surfaces and then to show theoretically how the critical
length of the nucleation zone and its duration are scaled con-
sistently by a characteristic scale representing the geometric
irregularity of the fault zone. To this end, we have conducted
a series of specifically designed, systematic, high-resolution
laboratory experiments, which will be described in sections 3
and 4. On the basis of experimental results, in terms of the
constitutive law for shear rupture from the theoretical view-
point, we finally discuss the idea that a characteristic scale
representing the geometric irregularity of the fault zone plays
a critical role in scaling scale-dependent physical quantities
inherent in shear rupture.

2. A Characteristic Scale Representing Geometric
Irregularity of the Fault Surfaces

The earthquake source at crustal depths is an unstable, dy-
namically propagating shear rupture along a plane or zone of
weakness (referred to as a preexisting fault). The geometry of
a fault (such as bends, stepovers, and bifurcations) and the
fault zone structure (such as the topographic irregularity of the
fault surfaces and the presence of fault gouge) play important
roles in the process of earthquake generation because such
geometric structure and/or irregularity substantially pre-
scribe(s) the mechanical heterogeneity of the fault, which in
turn controls the earthquake generation process.

A typical example of such geometric structure and/or irreg-
ularity of the fault (zone) may be a local patch of high rupture
growth resistance on faults [Ohnaka, 1998]. There is strong
circumstantial evidence that an “asperity” [Kanamori and Stew-
art, 1978; Kanamori, 1981] or “barrier” [Aki, 1979, 1984] on
earthquake faults is a local patch of high rupture growth re-
sistance whose strength equals the strength of intact rock at
lithospheric conditions [Ohnaka et al., 1997; Ohnaka, 1996,
1998], and such a high rupture growth resistance will be at-
tained at portions of fault bend or stepover, at interlocking
asperities on the fault surfaces with topographic irregularity,
and/or at portions of adhesion (or cohesion) healed between
the mating fault surfaces during the interseismic period. If this
is the case, the size of a local patch of high rupture growth
resistance on an earthquake fault provides a characteristic
length (or distance) representing the geometric property of the
fault (zone). Other characteristic lengths (or distances) repre-
senting geometric properties of earthquake faults include fault
zone thickness, fault segment size, and the depth of seismo-
genic layer [e.g., see Aki, 1996; Knopoff, 1996]. The earthquake
generation process and its eventual size are necessarily char-
acterized by these macroscopic length scales [Sibson, 1984;
Scholz, 1982, 1994; Romanowicz, 1992; Aki, 1996; Knopoff,
1996; Matsu’ura and Sato, 1997]. Of these characteristic scales,
focus is placed in this paper on a characteristic scale of the
order of the amount of slip required for the slipping zone
behind the moving front of rupture to break down.

As mentioned in section 1, the rupturing surfaces during the
breakdown process of shear rupture are in mutual contact and
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interacting, so that the shear rupture process is likely affected
by geometric irregularities on these rupturing surfaces. This
suggests that the characteristic length representing the topo-
graphic irregularity of the rupturing surfaces may be a key to
scaling scale-dependent physical quantities inherent in shear
rupture. To investigate this, we have conducted a series of
laboratory experiments on propagating shear rupture of mode
II type, focusing on the role of geometric irregularity of the fault
surfaces in scaling the nucleation zone size and its duration.

The aim of the laboratory experiments was to test how the
shear rupture process is affected by geometric irregularity of
the fault surfaces. To this end, faults with different surface
topographies (or roughnesses) were prepared by lapping the
flat (ground) surfaces with carborundum grit having different
grain sizes, in the range from coarse grit (#60, representative
particle sizes of 210-250 um) to fine grit (#2000, representa-
tive particle sizes of 7-9 um). The profiles of these fault sur-
faces were measured with a diamond stylus profilometer with
the tip radius of 2 wm, and the resolution of the elevation data
collected was 0.0084 wm. The fault surface topographies pre-
pared with grits #60, #600, and #2000 are hereafter referred
to as rough, smooth, and extremely smooth faults, respectively,
and the three-dimensional (3-D) surface profiles of the faults
with these three representative topographic irregularities are
shown in Figure 1 for comparison.

Figures 2a and 2b show plots of the logarithm of the topo-
graphical length L (r) against the logarithm of the ruler length
r for the three representative examples of the fault surfaces
with different roughnesses shown in Figure 1. L(r) in Figure 2
has been measured with a ruler length r along the slip direction
on the fault surfaces. We find from Figure 2 that the relation
between log L (r) and log r can be represented by segments of
linear line with different slopes, suggesting that the surface
roughnesses of the faults shown in Figure 1 exhibit band-
limited self-similarity. If this is the case, the relation between
L(r) and r within each bandwidth can be expressed by the
power law:

L(r)y=Ar @

where A; and a; are constants in a bandwidth bounded by
lower corner length A, , and upper corner length A,; (i = 1,
2, +++, k). The corner length A is defined here as the length
that separates the neighboring two bands with different seg-
ment slopes a, and a; ;. Note that a corner length thus de-
fined is a characteristic length representing the fault surface
irregularity. Fault surface topographies may, in general, be
quantified and characterized in terms of these two parameters:
a; and M.

Specifically, for instance, the parameters characterizing the
fault surface roughnesses shown in Figure 1 have been evalu-
ated from the data shown in Figure 2; that is, A, = 10'% =
67.6 um, A, = 102 = 199.5 um, a, = 0.0229, and a, =
0.0085 for the rough surface (grit #60); A,, = 10 = 17.8
um, A, = 10"°° =457 um, a, = 0.0076, and a, = 0.0028
for the smooth surface (grit #600); and A, = 10' = 10 wm, and
a = 0.0017 for the extremely smooth surface (grit #2000).
These values for A suggest that A is primarily characterized
by grain size of carborundum grit used for lapping the fault
surfaces.

We thus conclude that the fault surface roughnesses pre-
pared for the present experiments can be characterized in
terms of the parameters a; and A . Of these two parameters,
however, only the corner length A straightforwardly repre-

)\cifl <r< )\ci (1)
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Figure 1. Three representative examples of the profiles of fault surface topographies: rough, smooth, and
extremely smooth surfaces. The rough fault surface was prepared with grit #60, the smooth fault surface was
prepared with grit #600, and the extremely smooth fault surface was prepared with grit #2000.

sents a characteristic length scale in the slip direction on the
fault, and hence attention will hereafter be paid to A alone.
Some of the values estimated here for A will be used in a later
analysis (sections 4 and 5). We will see later that A, in fact,
plays a critical role in scaling the size and duration of shear
rupture nucleation.

3. Experimental Method

Tsukuba granite from Ibaraki Prefecture, central Japan, was
selected for the present experiments. The granite is fairly fine
grained and has been used in previous experiments on propa-
gating slip failure of stick slip [Ohnaka et al., 1986, 1987a, b;
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Extremely smooth fault surface

Figure 1.

Ohnaka and Yamashita, 1989; Ohnaka and Kuwahara, 1990;
Ohnaka, 1996]. Physical parameters for this rock at room tem-
perature and atmospheric pressure are as follows: the rigidity
is 2 X 10* MPa, Poisson’s ratio is 0.12, the longitudinal wave
velocity is 4.4 km/s, and the shear wave velocity is 2.9 km/s.
Three blocks of this granite with planar and parallel faces were
prepared for the present experiments; one block (labeled A)
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has dimensions of 250 X 290 X 50 mm, and the other two
blocks (labeled B and C) have dimensions of 100 X 290 X 50
mm. These block surfaces were ground flat with a reciprocating
surface grinder to an accuracy of less than 0.02 mm per 1 cm
length.

The configuration for the present experiments was a double-
direct-shear failure test of mode II type along the two parallel
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Figure 2. Plots of the logarithm of the topographical length L (r) against the logarithm of the ruler length
r (a) for a rough fault surface and (b) for smooth and extremely smooth fault surfaces shown in Figure 1.
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Figure 3. The configuration for the present experiments.

preexisting faults (Figure 3), in which the 290 mm long and 50
mm wide mating surfaces act as weak junctions under an ap-
plied normal load. The load normal to the fault surfaces is first
applied by a horizontal ram which is servo-controlled to be
held constant. The tangential force on the plane of the fault
surfaces is then applied, independent of the normal force
across the fault surfaces, by a vertical ram, to push the inner
block B between the two other blocks A and C (see Figure 3).

The shear load application was servo-controlled such that the
sample was deformed at a constant rate of 6.7 X 10~* mm/s
throughout the experiments, unless otherwise stated. The sam-
ple deformation was measured with a displacement transducer
mounted at the position shown in Figure 3. The normal load
and shear load were measured directly with force transducers
(Figure 3). The stiffness of the vertical loading system was 5 X
10° N/cm. This loading system stiffness was lowered to 6 X 10°
N/cm by using the oval spring (Figure 3). The loading system
with the oval spring was used in the experiments for faults
having the rough or smooth surfaces.

The shear load application necessarily leads to the accumu-
lation of shear stresses along the two parallel faults, and this
eventually results in the onset of shear rupture nucleation of
mode II type on either of the two faults. In the present exper-
iments, blocks B and C were simply utilized as auxiliaries to
bring about shear stress along the fault between blocks A and
B, so that here we analyze the events of shear failure that
began to nucleate first only on the fault between blocks A and
B. This is because our primary interest is in investigating phys-
ical process of shear rupture nucleation that is not contami-
nated by the effect of (parallel) fault-fault interaction, al-
though the effect of fault-fault interaction itself deserves
investigation.

To get constitutive information on how the local strength in
the breakdown zone behind the rupturing front progressively
degrades with ongoing local slip, a series of semiconductor
strain gauges, with active gauge length of 2 mm, were mounted
on block A at 25 mm intervals along the fault between blocks
A and B and at positions 5 mm from the fault; 12 pairs of strain
gauges with mutually perpendicular orientations were used to
monitor local shear strains in the direction parallel to the fault
(S1to S12in Figure 4a). The local shear stresses along the fault
were evaluated by multiplying these local shear strains by the
rigidity w of the granite sample. The deployment of the series
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Figure 4a.
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Sample configuration with two types of sensors in position. S1 to S12 denote the positions at

which 12 pairs of strain gauges were mounted to measure local shear strains in the direction parallel to the
fault, and D1 to D5 denote the positions at which displacement sensors were mounted to measure local slips

on the fault.
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Figure 4b. Setup of the displacement transducer of eddy cur-
rent loss type in the present experiments.

of 12 shear strain sensors along the fault enabled us to observe
how shear rupture nucleates on the fault.

Frequency characteristics of a semiconductor strain gauge
sensor mounted on the sample block are determined by (1)
frequency response of the semiconductor crystal used, (2) the
cementing technique, and (3) the relation between the gauge
length and the wavelength of the signals [Ohnaka et al., 1983,
1986, 1987b]. The theoretical limitation of the frequency re-
sponse of the semiconductor crystal (>10° MHz) is much
higher than the frequency range of signals of present concern
(<1 MHz). Hence the limitation of the frequency response of
the crystal does not need to be considered. In the present
experiments, strain gauges were cemented with a-cyano-
acrylate cement with great care. Creep of this cement is neg-
ligible for the timescale of the present experiments. Frequency
characteristics of the strain gauge sensor therefore are practi-
cally determined by the relation between the gauge length and
the wavelength of the signals alone. In other words, the strain
gauge sensor functions as a kind of low-pass filter, and the
cutoff frequency is prescribed by the relation between the
gauge length and the wavelength of signals.

The transfer function f(AX) of a strain gauge sensor with
effective length L is given by [Ohnaka et al., 1983, 1986, 1987b]

sin (wAX)

flax) = =0 @)

where AX = (fL cos 0)/c. Here 6 is the angle between the
direction of the gauge length and the direction of the signal
propagation, c¢ is the propagation velocity of the signal, f is the
signal frequency, and the signal has been assumed to be plane
waves. When the propagation direction of a signal is parallel to
the direction of the gauge length, frequency response of a
strain gauge sensor with a gauge length of 2 mm is flat from DC
to 520 kHz (—1.8 dB), if the propagation velocity of the signal
is assumed to be 3 km/s [Ohnaka et al., 1983, 1986, 1987b]. This
shows that the use of a strain gauge with effective length of 2
mm as a sensor to measure local shear strain is sufficient for
the present purpose.

Local slip displacements between the two sides of the fault
are also required for investigating constitutive properties in the
breakdown zone behind the propagating front of shear rup-
ture. To measure local slips on the fault, two types of sensors
were used: displacement transducer of eddy current loss type
(DTEC), and metallic foil strain gauge (MFSG). Local slip
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displacements, unless otherwise stated, were measured at five
positions along the fault (D1 to D5 in Figure 4a).

The displacement transducer of eddy current loss type uti-
lizes the principle that a change in the distance between the
sensor and the corresponding metal target is uniquely con-
verted to a change in the inductance of the sensor coil to which
high-frequency electric current has been supplied. The induc-
tance change is converted to a change in the output voltage
which are recorded. A copper plate has been selected here as
the metal target. The shape of the commercially available sen-
sor was circular (3 mm¢ X 5 mm), and the sensor and target
plate were mounted with epoxy resin on the granite sample
surface, as shown in Figure 4b. The output frequency response
of this displacement measuring system including the sensor,
amplifier, and linealizer was flat from DC to 20 kHz (—3 dB).
The accuracy and resolution of these data are within 2.9 X
10~* mm. Displacement sensors of this type were used in most
of the experiments on slip failure generated on the rough and
smooth faults.

Stick-slip failure on a fault with the extremely smooth sur-
faces occurs more violently than stick slip on the smooth and
rough faults, when other conditions are equal. This suggests
that local slip displacements during slip failure on the ex-
tremely smooth fault move more quickly, which may possibly
contain frequency components significantly higher than 20
kHz. Hence the displacement sensor of eddy current loss type
was not used for measuring local slip displacements during
stick-slip failure on the extremely smooth fault. Instead, me-
tallic foil strain gauges with active gauge length of 2 mm were
used as the displacement transducer in this series of experi-
ments. High stiffness of the loading apparatus reduces the
amount of slip during a stick-slip failure, so that the loading
system without the oval spring was employed in the stick-slip
experiments on the extremely smooth fault (Figure 3). This
made it possible to measure local slips during a stick-slip fail-
ure directly with metallic foil strain gauges.

How to measure a local slip between the two blocks with a
metallic foil strain gauge is illustrated in Figure 4c. The defor-
mation (dL/L) of a strain gauge sensor with active gauge

Figure 4c. Illustration of how to measure a local slip be-
tween two blocks A and B with a strain gauge. Hatched por-
tions indicate cemented area. A strain gauge is cemented with
a-cyano-acrylate cement such that the strain gauge makes an
angle of 45° with respect to the direction of fault length. L and
L + dL indicate active gauge lengths before and after slip,
respectively, and D and D + dD indicate their components in
the slip direction before and after slip, respectively. D = h =
L/V2.
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length L is converted to the amount of slip (d¢D) on the fault
by

dD = (L +dL)’—h’-D

=h(\2(1 +dL/IL)’ = 1-1)

~h<2dL) = 2L dL 3
~ ) TN (3)

Equation (3) shows that the maximum amount of measurable
slip is limited by the maximum durable deformation of a strain
gauge used; for instance, when L = 2 mm, dD = 2.8 um for
dL/L = 103 and dD = 28 pm for dL/L = 10 2. This
technique therefore has a disadvantage that strain gauge sen-
sors must be renewed every several consecutive stick-slip fail-
ures. Nevertheless, this technique has been used in previous
experiments [Ohnaka et al., 1986, 1987b; Ohnaka and Ya-
mashita, 1989; Ohnaka and Kuwahara, 1990] to measure dy-
namic local slips on the fault, because it has a high sensitivity
(1072 um), and flat frequency response from DC to a fre-
quency higher than 100 kHz.

Figure 4a shows the relation between the fault and the
positions of the series of measuring sensors for both local shear
strain and slip displacement along the fault. In the experiments
on slip failure generated on the rough fault, amplified signals
of these local shear strains and slip displacements along the
fault, signals of the shear and normal loads remotely applied,
and the overall deformation between both ends of the sample
blocks A and B along the fault, were sampled at a preset
frequency of 500 Hz synchronized by a single clock, with a
multichannel analog-to-digital converter with 14-bit resolution.
In the experiments on slip failure on the smooth fault, all the
amplified analog signals were bifurcated, and one set of bifur-
cated signals was sampled at a frequency of 500 Hz, with the
multichannel analog-to-digital converter with 14-bit resolution,
and the other set of the signals was sampled at a frequency of
1 MHz, with another multichannel analog-to-digital converter
with 12-bit resolution. In the experiments on slip failure on the
extremely smooth fault the amplified signals were sampled at a
frequency of 1 MHz, with the multichannel analog-to-digital
converter with 12-bit resolution. The overall response of the
entire measuring and recording system was flat from DC to 200
kHz for the local shear strain signals, DC to 20 kHz (when
DTEC sensors were used) or DC to 100 kHz (when MFSG
sensors were used) for the displacement signals, and DC to 2
kHz for the remotely applied shear and normal load signals.

4. Experimental Observations

4.1. Nucleation Phases Developed Along Faults
With Different Surface Roughnesses

4.1.1. Rough fault. When shear load is applied with the
vertical ram along the fault at a constant rate, while the load
normal to the fault has been held constant, the shear stress
along the fault begins to build up. Figure 5 shows an example
of recorded data on shear failure developed on the rough fault.
In Figure 5 the shear load, which is the output signal from
force transducer (VFT in Figure 3), and the relative displace-
ment measured between both ends of the sample blocks A and
B along the fault are plotted against time. In this experiment
the shear load was applied at a constant deformation rate of
6.7 X 10~* mm/s at the normal load of 6.2 MPa. The origin of
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Figure 5. An example (event T4111805) of time records of
remotely applied shear load and the relative displacement be-
tween both ends of the sample blocks A and B for a slip failure
event on the rough fault.

time ¢ has been set such that + = 0 when the shear load was
applied.

Figure 5 shows that the remotely applied shear load in-
creased with time at the constant rate until shear failure oc-
curred at the time of r = 195.08 s, and no strength degrada-
tion or slip acceleration preceding overall shear failure is
discernible from Figure 5. However, shear stresses monitored
at a series of different positions along the fault show how
nonuniformly the local shear stresses are induced and accu-
mulated along the fault during shear load application and how
gradually the fault strength degrades in a localized zone prior
to the eventual, overall failure. This is investigated in detail
below.

Figure 6 shows how local shear stresses were induced along
the fault and built up with time during the process where the
shear load was remotely applied at the constant rate of defor-
mation (6.7 X 10~* mm/s). Figure 6 shows the data for the
same failure event shown in Figure 5. The local shear strains
were measured at 12 positions (S1 to S12) along the fault (see
Figure 4a), and the local shear stresses were evaluated by
multiplying these local shear strains by the rigidity of the gran-
ite sample. Differential shear stress (74,) in Figure 6 has been
defined by

Tao = T — Tw (4)

where 7 represents a local shear stress measured at a position
along the fault and 7, represents the initial local shear stress
induced at the same position when the normal load was re-
motely applied before the shear load application. Note that the
initial shear stress 7, is not necessarily nought (see Figure 7)
because shear stress can be induced locally by application of
normal load on a fault with topographic irregularities. Thus the
differential shear stress 74, defined by (4) is the net local shear
stress at a position along the fault accumulated during shear
load application.

It has been found in this series of experiments that nonuni-
form distribution of shear stress is inevitably induced and de-
veloped along the fault, although the normal and shear loads
have been remotely applied uniformly (see Figure 6). We pos-
tulate that this is because the fault has topographic irregularity
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Figure 6. Time and spatial variations of differential shear stresses (74,) recorded locally at 12 positions along
the fault for the slip failure event shown in Figure 5 (rough fault).

on the surfaces; in other words, nonuniform distribution of the
stress developed along the fault is a manifestation of the to-
pographic irregularity of the fault surfaces.

How nonuniformly shear stress was induced and accumu-
lated along the fault with time during shear load application
may be more clearly seen in Figure 7. Data in Figure 7 are the
same for the failure event shown in Figure 6. The top thick line
in Figure 7 represents the distribution of the peak shear
strength 7, along the fault. The peak shear strength is defined
as the maximum shear strength during the local breakdown
process behind a propagating rupture front at a position on the
fault. The bottom thick line represents nonuniform distribu-
tion of the initial shear stress, which was induced by application
of the normal load of 6.2 MPa. Positive and negative shear
stresses in Figure 7 indicate clockwise and anticlockwise shear,
respectively. A series of thin lines in Figure 7 indicates levels of
local shear stresses accumulated with time on the fault, and
these local stress levels are plotted at 19.2-s intervals from ¢ =
3.86 s after the shear load application. It is clearly seen from
Figure 7 how nonuniformly the fault strength and the shear
stress are distributed along the fault and that the higher the
local strength at a position on the fault, the higher is the rate
of the shear stress accumulation at the position during shear
load application. This observation suggests that the strength
distribution along a fault could be inferred from the stress
distribution along the fault, or vice versa, because of a strong
correlation between the two.

Shear stress concentrates more where the fault strength is
locally higher. However, shear failure, in general, begins to
nucleate around the location where the strength is the lowest
(Figures 7 and 8). This has also commonly been observed in
the present series of experiments. In the experiment on the
failure event in Figures 5-7, the overall failure occurred at ¢ =
195.08 s; however, the nucleation phase for this event is not

significantly discernible from Figures 5-7. This is because the
amount of stress degradation and slip for the nucleation is very
small compared with that for the overall failure event.
Figure 8 illustrates the degradation of shear stress associated
with rupture nucleation along the fault on enlarged scales of
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Figure 7. Nonuniform distributions of the fault strength (top
thick line), initial shear stress level (bottom thick line) induced
by application of the normal load (6.2 MPa), and variations of
levels of local shear stresses along the fault with time for the
slip failure event shown in Figures 5 and 6 (rough fault) for
event T4111805. Local shear stress levels are plotted at 19.2-s
intervals from ¢ = 3.86 s after shear load application. Positive
or negative shear stress indicates clockwise or anticlockwise
shear, respectively.
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f differential shear stresses (74,5) recorded locally at 12 positions
the failure event shown in Figures 5-7 (rough fault).

the stress and time axes. Differential shear stress (74;50) in
Figure 8 has been defined by

Taigo = T —
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| I
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shear stress
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where 7 represents a local shear stress at a time ¢ recorded at
a position along the fault and 4, represents the local shear
stress at ¢+ = 180 s, recorded at the same position. Figure 8
allows one to identify the position from which shear rupture
began to nucleate and how the nucleation developed with time.

It is found from Figure 8 that local shear stresses at nine
positions (S1 through S9) along the fault decreased gradually
with time, after they had attained peak values (peak shear
strength 7,) at these individual positions. A gradual decrease in
local shear stress at a position suggests that the rupture has
begun to occur stably and slowly at the position. Shear rupture
is defined, in terms of fracture mechanics, as the process dur-
ing which the shear strength degrades to a residual friction
stress level with ongoing slip displacement on the rupturing
surfaces. Therefore, whether or not shear rupture has indeed
occurred at a position of shear stress degradation can be
checked by observing the slip-weakening relation at that position.

An observed slip-weakening relation for the failure event
shown in Figure 8 is exemplified in Figure 9. Figure 9 is a plot
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Figure 9. A plot of the shear stress measured at
the slip displacement at the same position (D2)
nucleation for the failure event (T4111805) shown

5-8 (rough fault). The slip velocity is also plotted against the
slip displacement. The time axis is added to facilitate compar-

ison with Figures 8, 20a, 20b, and 21.

of the shear stress measured at S4 against the slip displacement
measured at the same position (D2) (see Figure 4a) during the
nucleation for this particular event. Figure 9 demonstrates that
shear rupture has actually proceeded locally at a position of
shear stress degradation on the fault. We can thus conclude
from Figure 8 that shear rupture began to nucleate roughly at
t = 185 s somewhere around positions S3 and S4 on the fault
and that the rupture grew slowly and bidirectionally along the
fault. Slow extension of a localized slip-weakening zone along

S4 against
during the
in Figures
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Figure 10. Time and spatial variations of differential shear stresses (74,,) recorded locally at 12 positions
along the fault during the nucleation for another slip failure event on the rough fault.

the fault with time (see Figure 8), prior to unstable, overall
shear rupture att = 195.08 s, is what has been referred to as
the rupture nucleation, which is an integral part of unstable,
dynamic rupture.

Another example of the nucleation phase of a different slip
failure that developed on the same rough fault is shown in
Figure 10 to demonstrate the reproducibility. In this experi-
ment, the shear load was applied at a constant rate of 2.2 X
10~* mm/s at the normal load of 6.2 MPa. Differential shear
stress (T4,0) in Figure 10 has been defined by

Taoo — T — Tio (6)

where 7 represents a local shear stress at a time ¢ at a position
along the fault and 7, represents the local shear stress at 1 =
20 s recorded at the same position, and the origin of time ¢ has
been taken arbitrarily in Figure 10. As the nucleation phase is
viewed from the rear in Figure 10, one can see from Figure 10
how transitionally the nucleation phase develops to overall
rupture of the preexisting fault. An observed slip-weakening
relation at position S6 along the fault for this nucleation phase
is shown in Figure 11 to demonstrate that shear rupture has
indeed occurred at a position of stress degradation. The slip-
weakening curves in Figures 9 and 11 exemplify the self-
consistent constitutive relation that governs the breakdown
process during the nucleation.

4.1.2. Smooth fault. To demonstrate the effect of the
fault surface roughness on shear rupture nucleation, compar-
isons are made between shear rupture that nucleated on a
rough fault and that which is nucleated on a smooth fault.
Figure 12 shows plots of the shear load (output signal from
force transducer VFT in Figure 3) and the relative displace-
ment measured between both ends of the sample blocks A and
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Figure 11. A plot of the shear stress measured at S6 against
the slip displacement at the same position (D3) during the
nucleation for the failure event (T4111706) shown in Figure 10
(rough fault). The slip velocity is also plotted against the slip
displacement, and the time axis is added to facilitate compar-
ison with Figure 10.
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Figure 12. An example (event T5081608) of time records of
remotely applied shear load and the relative displacement be-
tween both ends of the sample blocks A and B for a slip failure
event on the smooth fault.

B along the fault, against time for a typical example of slip
failure that occurred on the smooth fault. The origin of time ¢
has been set such that + = 0 when the shear load began to
increase for this slip failure. In stick-slip experiments, residual
friction remains on the fault after the previous slip failure, and
hence the magnitude of shear load is not nought at the begin-
ning (¢ = 0) of the next stick-slip cycle, except for the first
cycle of stick slip. The residual friction averaged over the entire
fault was of 2.4 MPa at ¢+ = 0 for the slip failure shown in
Figure 12. The shear load was elevated at a constant deforma-

Shear Stress (HPa)
o
T l T T T ‘ T T T ‘

LI LB

=

h=t= e
Sensor Poswion A

tion rate of 6.6 X 10~* mm/s under the remotely applied
normal load of 6.2 MPa. It is not possible to discern from
Figure 12 any strength degradation or slip acceleration phase
as an indicator of the nucleation prior to overall failure along
the fault.

Figure 13 shows a plot of the series of observed local shear
stress data against time and distance along the fault for the
failure event shown in Figure 12. Figure 13 shows how non-
uniform the distribution of local shear stresses induced and
accumulated during shear load application are on this smooth
fault. It is suggested from Figure 13 that this particular fault
can be characterized by the following two distinctive features:
(1) inhomogeneous distribution of shear stresses on the fault
that contains a predominant wavelength component of 5 cm,
and (2) the minimum shear stress that is attained at one end of
the fault length. These features obviously differs from those of
the rough fault. Since the normal and shear loads were re-
motely applied uniformly in the experiments, we postulate that
the observed distinctive features on this smooth fault arose
from topographic irregularity of the fault surfaces produced
during the preparation of the surface roughness. Figure 13 also
indicates that the pattern of nonuniform distribution of local
shear stresses initially induced on the fault was well preserved
during the entire process of shear load application up to the
overall failure.

The shear strength and stress nonuniformity on the fault
may be more clearly seen in Figure 14. The data shown in
Figure 14 are taken from the same data set shown in Figure 13.
The top thick folded line in Figure 14 represents the distribu-
tion of the peak shear strength on the fault, and the bottom
thick line represents the distribution of residual friction on the
fault after the previous stick-slip failure. A series of thin folded
lines in Figure 14 shows levels of local shear stresses at 12
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Figure 13. Time and spatial variations of original shear stresses recorded locally at 12 positions along the
fault for the slip failure event shown in Figure 12 (smooth fault).
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Figure 14. Nonuniform distributions of the fault strength,
the residual friction stress, and variation of levels of local shear
stresses along the fault with time for the slip failure event
(T5081608) shown in Figures 12 and 13 (smooth fault). Local
shear stress levels are plotted at 10.4-s intervals from ¢ = 6.47
s after the onset of shear load application for this event.

positions (S1 through S12) along the fault during the process of
shear load application, and these local stress levels are plotted
at 10.4-s intervals from ¢ = 6.47 s after the onset of shear load
application. Figure 14 indicates that spatial distributions of
both the fault strength (peak shear strength) 7, and the resid-
ual friction 7, on the fault are synclinally nonuniform and
irregular with a predominant wavelength component of 5 cm,
suggesting that there is a strong correlation between 7, and ..
In fact, a strong positive correlation has been found between 7,
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and 7, for shear failure of intact rock under lithospheric con-
ditions [Ohnaka et al., 1997].

It has been found for slip failure on the rough fault that
there is a higher rate of shear stress accumulation at the por-
tion on the fault surface where the local strength is greater.
This finding is corroborated by the present observation for slip
failure on the smooth fault (Figure 14), and this fact may have
an important implication because it means that the stress dis-
tribution on the fault is not independent of, but is closely
related to, the distribution of fault strength throughout the
entire process of stress accumulation.

In the experiment on slip failure shown in Figures 12 and 13,
overall failure occurred around ¢t = 106.6 s. However, it is not
possible to identify from Figures 12 and 13 when and where
slip failure began to nucleate. To make the time and location
of the nucleation phase visible, local shear stresses measured in
the vicinity of the fault are shown on an enlarged time axis
scale in Figure 15. Figure 15 illustrates that the failure oc-
curred over the entire fault around ¢ = 106.6 s; however, no
clear signal is evident to identify when and where rupture
nucleation started.

An example of the series of shear stress records at 12 posi-
tions along the fault is shown in Figure 16 on enlarged scales
of not only the time axis but also the stress axis to make the
nucleation phase visible. This plot is for the same failure event
shown in Figures 12-15, and the data are sampled every 10*
point from the original data digitized at a sampling frequency
of 1 MHz. Differential shear stress (74;0s.4571) in Figure 16 has
been defined by

Td105.4871 — T 7 Tt105.4871 (7)

where 7 represents a local shear stress measured at a position
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Figure 15. Time and spatial variations of original shear stresses recorded locally at 12 positions along the
fault for the slip failure event shown in Figures 12-14: an enlarged detail on the time axis (smooth fault).
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Figure 16. Time and spatial variations of differential shear stresses (7q10s4571) recorded locally at 12
positions along the fault during the nucleation for the slip failure event shown in Figures 12-15: an enlarged

detail on both time and stress axes (smooth fault).
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Figure 17. A plot of the shear stress measured at S2 against
the slip displacement at the same position (D1) during the
nucleation for the failure event (T5081608) shown in Figures
12-16. The slip velocity is also plotted against the slip displace-
ment (smooth fault). The time axis is added to facilitate com-
parison with Figures 16, 23a, 23b, and 24a-24c.

along the fault and 7,545, represents the shear stress re-
corded at r = 105.4871 s at the same position.

We find from Figure 16 that local shear stresses at three
positions S1, S2, and S3 along the fault began to degrade
around r = 106.6 s, while the stresses at other positions
slightly increased or hardly changed around ¢+ = 106.6 s. If
viewed more carefully, we notice from Figure 16 that the shear
stress began to degrade slightly at position S1 earlier than at
any other positions along the fault, which will be seen more
clearly in Figure 23a. This shows that the nucleation began to
occur at one end of the fault and that the nucleation proceeded
unidirectionally toward the other end of the fault. The ob-
served slip-weakening relation in Figure 17 shows that shear
rupture indeed occurred at a position of stress degradation.
Comparison between Figures 16 and 17 may be facilitated by
the time axis in Figure 17.

It has been found for the rough fault that the shear stress
concentrates more at the location where the fault strength is
locally higher; yet shear failure begins to nucleate around the
location where the strength is the lowest. This is also corrob-
orated by slip failure that occurred on the smooth fault. For
instance, the rupture nucleation shown in Figure 16 began to
occur around the location where the strength is the lowest (see
Figure 14). One may argue that the nucleation that started at
the lower edge of the fault could be ascribed to high stress
concentration, which possibly occurs in the vicinity of the edge
of sample block B. However, this argument is rejected because
the stress cannot concentrate beyond the strength and because
the strength is lowest near the lower edge of the fault. The
condition at which the rupture begins to nucleate can be dis-
cussed more thoroughly in terms of the constitutive law for
shear rupture in the framework of fracture mechanics. How-
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Figure 18. Time and spatial variations of differential shear stresses (74,) recorded locally at 12 positions
along the fault during the nucleation for a slip failure event on the extremely smooth fault.

ever, this is beyond the scope of the paper, and in-depth dis-
cussion about this will be made elsewhere.

If the nucleation that proceeded on the smooth fault (Figure
16) is compared with the nucleation on the rough fault (Fig-
ures 8 and 10), it is found that the nucleation zone size and its
duration are much smaller for the event on the smooth fault
than on the rough fault. These contrasting results suggest an
implication of geometric irregularity of the fault surfaces for
the nucleation.

Figures 15 and 16 indicate that the shear stress concentrated
abruptly at two positions S6 and S9 when the front of shear
rupture propagated dynamically on the fault. This suggests that
the local strength was relatively higher than the local stress
level at these two positions before the overall rupture and that
local patches of the fault at these positions may have remained
unruptured. This would occur if a local stress level did not
attain the peak strength at the position when the rupture front
passed through the position on the fault.

4.1.3. Extremely smooth fault. In the experiments on slip
failure on the extremely smooth fault, metallic foil strain
gauges with an active gauge length of 2 mm were used to
measure local slip displacements along the fault, and amplified
signals of local stress and slip displacement were sampled at a
frequency of 1 MHz. On enlarged scales of both stress and time
axes, Figure 18 shows a typical example of the series of shear
stress records at 12 positions (S1 through S12) during the
transition process from nucleation to dynamic rupture that
took place on the extremely smooth fault. In this experiment
the shear load was applied at a constant rate of 4.0 X 10~*
mm/s at the remotely applied normal load of 9.0 MPa. The
origin of time ¢ has been taken arbitrarily in Figure 18. Differ-
ential shear stress (74,) in Figure 18 has been defined by
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Figure 19. A plot of the shear stress measured at S2 against
the slip displacement at the same position (D1) during the
nucleation for the failure event (E40117comp) shown in Figure
18 (extremely smooth fault). The slip velocity is also plotted
against the slip displacement. The time axis is added to facil-
itate comparison with Figure 18.
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T =T— T+ 0.4 (8)

where 7 represents a local shear stress measured at a time ¢ at
a position along the fault and 7, represents the shear stress
recorded at ¢+ = 0 at the same position. In order to make the
nucleation process more clearly visible in Figure 18, the entire
data points have been shifted upward by 0.4 MPa on the stress
axis in Figure 18, by adding 0.4 to the right-hand side of
equation (8).

We find from Figure 18 that local shear stresses at two
positions (S1 and S2) along the fault began to degrade around
t = 0.1 ms, and that they continued to decrease thereafter,
while the stresses at other positions remained constant until
the stress pulse preceding dynamic rupture passed by. This
leads to the conclusion that the nucleation began at one end of
the fault and propagated unidirectionally to the other end of
the fault. This can again be ascribed to the lowest strength at
the lower edge of the fault.

It is obvious from Figures 8, 10, and 18 that the nucleation
zone size and its duration on the extremely smooth fault are
small compared with those on the rough fault. It will be shown
later that the nucleation zone size and its duration on the
extremely smooth fault are also smaller than those on the
smooth fault. Figure 19 shows a slip-weakening relation ob-
served at S2 (and D1) in the nucleation zone for the failure
event shown in Figure 18. This demonstrates that slip failure
actually occurred at a position of stress degradation.

4.1.4. Breakdown process: Transition from quasi-static to
dynamic phase. We now turn our attention to how the break-
down (or slip weakening) process develops from quasi-static
phase to dynamic phase in the nucleation zone and if the
transition from quasi-static to dynamic phase is affected by
geometric irregularity of fault surfaces. To discuss this on the
basis of experimental data, the slip velocity is plotted against
the slip displacement in Figures 9 and 11. The slip velocity in
Figures 9 and 11 is the time derivative of the slip displacement
smoothed by a moving average of three points. We find from
Figure 9 that the slip velocity during the nucleation was sub-
stantially nought up to the slip amount of 8§ wm, beyond which
the slip velocity began to accelerate gradually. Yet the slip
velocity remained very low (<0.12 mm/s) during the later
phase of nucleation on the rough fault; for instance, the ob-
served slip velocity was of 0.12 mm/s even at the slip displace-
ment of 15 um (Figure 9). Figure 11 also shows that the slip
velocity during the nucleation on the rough fault was virtually
nought up to the slip amount of 9 um, after which it began to
accelerate gradually. These features of slow process have been
commonly observed during the nucleation on the rough fault.
It can thus be concluded that the slip-weakening process dur-
ing the nucleation on the rough fault was virtually stable and
quasi-static.

In Figure 17 the slip velocity, which is the time derivative of
the slip displacement smoothed by a moving average of five
points, is also plotted against the slip displacement for a slip
failure event on the smooth fault. We find from Figure 17 that
the slip velocity during the nucleation on the smooth fault was
virtually nought up to the slip amount of 2 um. However, the
slip velocity began to accelerate gradually beyond the slip
amount of 2 um, and eventually, it accelerated very rapidly at
the slip displacement of 3 um (Figure 17). This is contrasted
with the nucleation that proceeded on the rough fault (Figures
9 and 11), in which the slip velocity remained very low (<0.1
mm/s) even beyond the slip amount of 10 wm (see Figures 9

and 11). These contrasting results suggest a significant impli-
cation of the fault surface irregularity (roughness) for the nu-
cleation process.

The slip velocity during the nucleation on the extremely
smooth fault is plotted against the slip displacement in Figure
19. The slip velocity in Figure 19 is the time derivative of the
slip displacement smoothed by a moving average of nine
points. One can see from Figure 19 that the slip velocity began
to accelerate very rapidly at the slip displacement of 0.5-0.6
pm, which is far less than 2 um. This is compared with the
result obtained during the nucleation on the smooth fault,
from which we can conclude that the slip-weakening process
during the nucleation on the extremely smooth fault is less
stable and more dynamic than the slip weakening during the
nucleation on the smooth fault.

The above series of consistent results suggest that the critical
slip displacement D, which is defined here as the slip dis-
placement below which the slip velocity is substantially nought
during the nucleation, may scale with the characteristic length
representing topographic irregularity of the fault surfaces. This
will be checked here. If 200 um is employed as the effective
characteristic length A for the rough fault (see section 2), we
have that D /A, = 0.040 for the data shown in Figure 9 and
that D /A, = 0.045 for the data in Figure 11. If 46 um is
employed as the effective characteristic length A. for the
smooth fault, we have that D /A, = 0.043 for the data in
Figure 17. If 10 wm is employed as the effective characteristic
length A, for the extremely smooth fault, we have that D /A, =
0.05-0.06 for the data in Figure 19. Note that 200, 46, and 10
pum each represent a characteristic length for the rough,
smooth, and extremely smooth faults, respectively (section 2).
The ratio D /A, being constant (~0.05) for all these surfaces
indicates that the critical slip displacement D scales with the
characteristic length representing the fault surface irregularity.
Why D . has a value of 0.05A, is left for a future study. The
effect of geometric irregularity of the fault surfaces on the
nucleation will be further clarified and discussed in quantita-
tive terms in sections 4.2 and 5.

4.2. Two Phases of Nucleation

4.2.1. Rough fault. Figures 20a and 20b show an example
of shear stress versus time records at 12 positions (S1 through
S12) along the fault and slip displacement versus time records
at five positions (D1 through DS5) for a slip failure nucleation
on the rough fault. This particular event has been exemplified
as a representative failure nucleation on the rough fault in the
previous section (Figures 5-9). Arrows in Figure 20a indicate
the time when slip failure began to occur locally at individual
positions along the fault, which is defined here as the time
when local stress record at the position has its peak value. It is
clearly seen from Figure 20a how shear rupture nucleated and
extended bidirectionally along the fault. Figure 20b shows that
local slips at positions D1, D2, and D3 proceeded slowly prior
to the imminent, overall dynamic slip failure. These local slow
preslips correspond to local shear stress degradation at the
same positions during the nucleation.

We can confirm from Figures 20a and 20b that the rupture
nucleation proceeded under the condition that both ends of
sample blocks A and B were servo-controlled to move at a
constant rate (6.7 X 10~* mm/s) in the fault length direction,
a record of which is shown as overall displacement in the
bottom frame of Figure 20b. This record shows that overall slip
movement between both ends of the fault was well controlled
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Figure 20a. An example (event T4111805) of local shear stress versus time records at 12 positions along the
fault for a slip failure event on the rough fault. Arrows denote the time when slip failure began to occur locally.
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Figure 20b. Local slip displacement versus time records at five positions, D1 to D5, along the fault, and a
time record of the relative displacement between both ends of sample blocks A and B (bottom frame), for the

event shown in Figure 20a (rough fault).
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Figure 21. Space-time view of the nucleation zone on the
rough fault for the event (T4111805) shown in Figure 20. The
hatched portion indicates the zone in which the slip weakening
is proceeding with time (see Figure 9).

up to the time ¢t =
occurred.

In Figure 21, the time when the rupture began to occur
locally at individual positions S1 to S12 is plotted against the
distance along the fault for the event shown in Figure 20. The
hatched portion in Figure 21 indicates the zone in which the
breakdown (or slip weakening) is proceeding with time. Figure
21 clearly shows how progressively the nucleation grew with
time and allows one to evaluate the local rupture growth rate
(or rupture velocity) V' from the slope of a segment connecting
the neighboring two points.

Figure 22 shows a plot of the logarithm of the rupture
growth rate V' against the logarithm of the rupture growth
length L for several failure events which occurred on the rough
fault. The experiments under the present conditions (the nor-
mal stress being of 6.2 MPa and the deformation rate being of
6.7 X 10~* mm/s) led to the common observations that the
rupture nucleation on the rough fault proceeded with distance
at slow, steady velocities, with the fluctuation in the range 1-10
cm/s (Figure 22), suggesting that the nucleation on the rough
fault grew stably over the entire fault length of 29 cm.

Accelerating phase of nucleation and the subsequent phase
of high-speed rupture at a velocity close to sonic velocities
were not observed for any event on the rough fault, despite the
fact that these phases were clearly observed for events on
smoother faults. We postulate that this was because the fault
size of 29 cm was too short to observe the accelerating phase
and the subsequent phase of high-speed rupture on the rough
fault. Overall rupture was induced along the entire fault, im-
mediately after the rupture front reached either end of the
fault. We postulate that this is because such overall rupture

195 s, when overall dynamic slip failure
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was triggered by the break out of either end of the fault. If the
length of this particular rough fault had been sufficiently large,
such overall rupture would not have occurred at the rupture
growth length of 29 cm or less.

4.2.2. Smooth fault. Figures 23a and 23b show an exam-
ple of the series of shear stress versus time records and slip
displacement versus time records along the fault for slip failure
nucleation on the smooth fault. This event has been presented
as a representative example for the nucleation on the smooth
fault in the previous section (Figures 12-17). Again, from Fig-
ure 23a one can identify the time when slip failure began to
occur locally at positions S1 to S12 on the fault. Arrows in
Figure 23a indicate the time when slip failure began to occur
locally at individual positions along the fault. We can confirm
from Figure 23a that shear rupture indeed began to nucleate at
one end of the fault and that it extended unidirectionally to-
ward the other end of the fault. Figure 23b shows that slow slip
began to proceed locally at position D1, prior to the imminent
overall slip failure. This local, slow slip corresponds to shear
stress degradation at the same position in the nucleation zone.
In contrast, however, slip occurred abruptly without any slow
preslip in the zone of dynamic rupture propagation (positions
D3, D4, and D5 in Figure 23b). Note, in particular, from
Figure 23b (and Figure 20b) that the observation of abrupt slip
without any slow slip at one position near the fault never leads
to the conclusion that there is no nucleation process of unsta-
ble, dynamic high-speed rupture. Figures 23a and 23b exem-
plify that in order to detect the nucleation that proceeds in a
localized zone with time, it is critical to monitor spatial changes
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Figure 22. Plots of the logarithm of the rupture growth rate
V against the logarithm of the rupture growth length L during
the nucleation for events on the rough fault.
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Figure 23a. An example (event T5081608) of local shear stress versus time records at 12 positions along the
fault for a slip failure event on the smooth fault. Arrows denote the time when slip failure began to occur
locally.
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Figure 23b. Local slip displacement versus time records at five positions, D1 to D5, along the fault and a
time record of the relative displacement between both ends of sample blocks A and B (bottom frame) for the
event shown in Figure 23a (smooth fault). During the time span between 7, (= 106.255 s) and ¢, (=
106.560465 s), the rupture locally extended unstably at accelerating speeds (see Figure 25).
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of a series of local shear stresses and slip displacements mea-
sured in the vicinity of the fault.

Figure 24a shows a plot of the time when the rupture began
to occur locally at positions S1 to S12 against the distance
along the fault for the event shown in Figure 23, and the time
axis of Figure 24a is enlarged in Figures 24b and 24c to make
the nucleation process at later stages visible. The hatched por-
tion in Figures 24a—24c indicates the zone in which the break-
down (or slip weakening) is proceeding with time. The series of
Figures 24a—24c show how progressively the nucleation pro-
ceeded with time; that is, the nucleation at first grew slowly at
an approximately constant velocity of 10 cm/s (Figure 24a), and
shortly it began to extend with accelerating speeds to the other
end of the fault (Figures 24b and 24c). This is more clearly seen
in Figure 25, which shows log-log plots of the rupture growth
rate J against the rupture growth length L for three independent
failure events on the smooth fault. The rupture growth rate V" in
Figure 25 has been evaluated from the slope of a segment con-
necting the neighboring two points in Figures 24a, 24b, and 24c.

Figure 25 conclusively demonstrates that the nucleation pro-
cess consists of two phases: phase I, an initial, quasi-static
phase, which leads to phase II, the accelerating phase at a later
stage. In phase I the rupture grows at a steady velocity, whereas
in phase II the rupture grows very rapidly with accelerating
speeds. In these experiments, both ends of the sample blocks
were servo-controlled to move at a constant rate (6.6 X 1074
mmy/s) in the fault length direction, whose record is shown as
overall displacement in the bottom frame of Figure 23b. This
record clearly shows that overall slip movement between both
ends of the fault was well controlled up to the time ¢t = 106.8
s, when overall dynamic slip failure occurred. However, a local
slip movement at any position within the fault zone is not
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Figure 24a. Space-time view of the nucleation zone on the
smooth fault for the event (T5081608) shown in Figure 23. The
hatched portion indicates the zone in which the slip weakening
is proceeding with time.
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Figure 24b. Space-time view of the nucleation zone on the
smooth fault for the event (T5081608) shown in Figure 23 on
an enlarged time axis. The hatched portion indicates the zone
in which the slip weakening is proceeding with time.
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Figure 24c. Space-time view of the nucleation zone on the
smooth fault for the event (T5081608) shown in Figure 23 on
a more enlarged time axis. The hatched portion indicates the
zone in which the slip weakening is proceeding with time.
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Figure 25. Plots of the logarithm of the rupture growth rate
V against the logarithm of the rupture growth length L during
the nucleation for events on the smooth fault. L  denotes the
critical length beyond which the rupture grows at accelerating
speeds, and the times t; = 106.255 s and ¢, = 106.560465
s are included to facilitate comparison with Figures 23 and 24.

controlled, and therefore the rupture can propagate unstably
at accelerating speeds in a localized zone on the fault, even
when both ends of the fault are moved at a controlled, slow
steady speed of 6.6 X 10~* mm/s. This is possible when the
elastic strain energy stored near the fault in the sample blocks
is released and when the released energy exceeds the energy
consumed for further growth of the rupture (fracture energy).
This is attained after the rupture grows beyond a critical length
L. (Figure 25). In fact, it is confirmed from comparison be-
tween Figures 23b and 25 that the fault movement was indeed
well controlled over the time span between ¢, = 106.255000 s and
t, = 106.560465 s during which the rupture developed at accel-
erating speeds. Phase II is thus essentially an unstable process.
The result presented in Figure 25 is very significant because
this is the first successful observation of the transition process
from the phase of stable, slow growth of rupture to the subse-
quent accelerating phase of rupture growth for single events.
The experiments under the present conditions (the normal
stress being of 6.2 MPa and the deformation rate being of
6.6 X 10~* mm/s) led to common observations of these two
phases on the smooth fault, with good reproducibility.
However, the terminal phase of fast rupture at a speed close
to the shear wave velocity was not observed for events on the
smooth fault, although the terminal phase was commonly ob-
served for events on the extremely smooth fault that will be
discussed in section 4.2.3. These results suggest that the entire

process from the quasi-static phase of nucleation to the accel-
erating phase and to the terminal phase of high-speed rupture
can be observed for a single event only if the fault has sufficient
length. We postulate that the fault length of 29 cm was too
short to observe the terminal phase of high-speed rupture on
the smooth fault.

4.2.3. Extremely smooth fault. Figure 26 shows a plot of
the time when the rupture began to occur locally at positions
S1 to S12 against the distance along the fault for the event
shown in Figure 18. The hatched portion in Figure 26 indicates
the zone in which the breakdown (or slip weakening) is pro-
ceeding with time. In Figure 27 the rupture growth rate V' is
plotted against the rupture growth length L for four events
that developed on the extremely smooth fault. Figures 26 and
27 show how rapidly the rupture accelerates up to the terminal
phase of its high-speed propagation on the extremely smooth
fault. The rupture eventually propagated at a steady speed
close to the shear wave velocity (2.9 km/s) on this particular
fault. This is contrasted with the phase of slow rupture growth
on the rough fault. The rupture growth rate 1 evaluated from
the slope of a segment connecting the neighboring two points
in Figure 26 gave the lowest value of 50 m/s in the nucleation
zone (Figure 26), which is much higher than initial velocities
(of the order of 1-10 cm/s) observed during the nucleation on
the rough and smooth faults. No phase of stable, slow growth
of rupture (phase I) was observed for slip failure on the ex-
tremely smooth fault. We postulate that this is because phase
I did not develop fully to the measurable extent on the ex-
tremely smooth fault and because the size of phase I which
might have appeared on the extremely smooth fault was too
small to be measured with strain gauge sensors mounted at
every 25 mm space interval along the fault. If the space interval
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Figure 26. Space-time view of the nucleation zone for a slip
failure event (E40117comb) on the extremely smooth fault.
The hatched portion indicates the zone in which the slip weak-
ening is proceeding with time.
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between the neighboring two sensors had been much shorter
than 25 mm, it might have been observed even on the ex-
tremely smooth fault.

The present series of high-resolution experiments on prop-
agating shear rupture on faults with different surface rough-
nesses led to the conclusive results that the nucleation process
consists of the two phases: an initial, quasi-static phase (phase
I), and the subsequent accelerating phase (phase II), and that
the temporal and spatial characteristics of these phases are
scaled by geometric irregularity of the rupturing surfaces (see
Figures 22, 25, and 27). One may argue, however, that the
results presented here are too incomplete and inconsistent to
provide a unified and consistent comprehension for the entire
process from the quasi-static phase of nucleation to the termi-
nal phase of fast-speed rupture propagation. To have a unified
and consistent comprehension for this, we need an appropriate
scaling parameter. This will be discussed in section 5.

5. Scaling of the Nucleation Zone Size and Its
Duration: Comparison Between Experiment
and Theoretical Analysis

5.1.

How can a unified comprehension and consistent interpre-
tation be provided for the experimental results presented in
the previous section? It has been demonstrated that a change
in the breakdown process from a quasi-static phase to the
subsequent dynamic phase on faults with different surface
roughnesses can be explained consistently if the effective char-
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Figure 27. Plots of the logarithm of the rupture growth rate
V against the logarithm of the rupture growth length L during
the nucleation for events on the extremely smooth fault.

10 Fr— T T T T T T T T
F Critical Ier?gth Le Fast-speed rupture 3
| of nucleation zone ropagation ]
0 _———_—_» ))
0E >0 3
£ 3
-1
10 i
2
10 =
C Accelerating phase ]
» L J
3
2 10 F -
> F 3
-4
o F 3
F -29 7.31 J
F VN,S =8.87x10 (LMC) ]
5
10 3
—©— ic= 10 um J
—0— Jc= 46 um ]
—©— ic= 80 um 4
& | Stable, quasi- static phase -~ Ac= 80 um |
10 - ¢ =200um 3
- Fitted curve 1
(accelerating phase) i
7
10 T ST 1| EETETIT B EIETTT B SR TTIT B AU TIrT

2 3 4 5 7
10 10 10 10 10 10

L/
Figure 28. Log-log plots of the rupture growth rate V" nor-
malized to the shear wave velocity Vg against the rupture

growth length L normalized to A, during the nucleation for
events on the faults with different surface roughnesses.

@

acteristic length A_ is assumed to be 200 wm for the rough fault,
46 pm for the smooth fault, and 10 wm for the extremely
smooth fault (section 4.1). One may thus expect that the rup-
ture growth length L also scales with A, given that the corner
length A, defined in section 2 is a characteristic length scale
representing the fault surface irregularity in the slip direction.

With this expectation in mind, the rupture growth rate
normalized to the shear wave velocity V is plotted against L
normalized to A, for the same data shown in Figures 22, 25,
and 27 and for additional data in Figure 28. We find from
Figure 28 that L indeed scales well with A, and that a unified
comprehension can be provided for the entire data set on the
rupture nucleation on faults with different surface irregulari-
ties. It is also found from Figure 28 that the entire data points
in the accelerating phase fall around a single straight line on
the log-log plot, showing that the accelerating phase obeys a

|4 L\"
vmely) ®
where a and n are numerical constants. The present data set in
the accelerating phase gives a = 8.87 X 107 and n = 7.31.
One may claim that the power law (9) empirically obtained
above is only an artifact of the linear fit on the log-log plot, and

that an exponential type of behavior is more physically reason-
able for a self-amplifying process. However, a functional form

power law of the form
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of exponential type is found to be more poorly fitted to the
present data set. In addition, a power law of the form

H

V =VK| exp ( - ﬁ) (10)
has been proposed [Charles, 1958] to explain the relation be-
tween the subcritical growth rate ' of mode I crack and the
crack tip stress intensity factor K, observed for a large body of
experimental data on many different classes of materials, in-
cluding rocks and minerals [e.g., Atkinson, 1982, 1984; Atkinson
and Meredith, 1987]. In equation (10), V, and n are constants,
H is the activation enthalpy, R is the gas constant, and T is the
absolute temperature. Since K, is expressed in terms of the
remotely applied stress o and the crack length L as K, =
maVL (m, a dimensionless modification factor) in the frame-
work of linear fracture mechanics, we find from (10) that the
relation between the subcritical crack velocity 7 and the crack
growth length L obeys the power law. In spite of different
modes of rupture (modes I and II), equations (9) and (10)
show that there is a clear phase in which the rupture extends at
accelerating speeds with the rupture length, prior to the ter-
minal phase of high-speed rupture close to sonic velocities, and
that this accelerating phase is commonly described by the
power law. This suggests that the accelerating phase is gov-
erned by the common, underlying physics.

Kuwahara et al. [1986] reported that the rupture growth rate
V in phase I depends on the applied loading rate. This implies
that phase I is a stable process, which is consistent with the
present results. However, phase II in which the rupture devel-
ops at accelerating speeds V" no longer depends on the applied
loading rate but increases rapidly with an increase in L accord-
ing to the power law (9). This again necessarily leads to the
conclusion that the accelerating phase is essentially an unstable
process. Figure 28 indicates that an increase in V/Vgwith L/A
begins to deviate from the power law (9) at L /A, = 5.6 X 10,
suggesting that the rupture velocity V' converges to a terminal
velocity.

The present result provides an important implication for
predicting the onset of dynamic, high-speed rupture, because it
shows that the run-up distance is short to attain the high-speed
rupture on smooth fault surfaces and because a long run-up is
required for reaching the same speed on rough, irregular fault
surfaces.

We consider from a theoretical viewpoint how the nucle-
ation zone size and its duration scale with A_.. We assume a
rupture nucleation model shown in Figure 29. It is assumed in
this model that the rupture begins to propagate bidirectionally
at a fast, constant speed V', at the critical time ¢.. The hatched
portion in Figure 29 shows the zone in which the breakdown
(or slip weakening) is proceeding with time. In this model, the
critical size 2L (L., half length) of the nucleation zone is
related to the breakdown zone size X in the terminal phase of
dynamic, high-speed rupture as follows:

L<X., t<t

(11)

L.=X. t=t,

In the zone of dynamic high-speed rupture, X, is directly re-
lated to the critical slip displacement D by [Ohnaka and Ya-
mashita, 1989]

=k (12)

OHNAKA AND SHEN: SCALING OF THE SHEAR RUPTURE PROCESS

Unstable fast-speed rupture
¥
2L¢

Nucleation

Distance along fault

Figure 29. A rupture nucleation model. It is assumed in this
model that the rupture begins to propagate bidirectionally at a
fast, constant velocity V. at the critical time .. X, denotes the
breakdown zone size, and 2L . denotes the critical size of the
nucleation zone.

where D has been defined as the slip displacement required
for the local strength in the breakdown zone behind the rup-
ture front to degrade to a residual friction stress level 7, A,
represents the breakdown stress drop defined as the shear
stress difference between the peak shear strength 7, and 7,
represents the rigidity, and k is a dimensionless quantity de-
fined by [Ohnaka and Yamashita, 1989

r

k= rce

(13)

Here ¢ is a numerical parameter, C(}/) is a known function of
V, and I is a dimensionless quantity defined by [Ohnaka and

Yamashita, 1989]
La(Y)
'=s| —=dy
0

(14)

where o(Y) is the nondimensional shear strength at a nondi-
mensional distance measured from the rupture front in the
breakdown zone [see Ohnaka and Yamashita, 1989]. From (11)
and (12) we have

_kATb

Since k has a value of the order of unity [Ohnaka, 1996],
equation (15) indicates that the critical size 2L . of the nucle-
ation zone is substantially determined by D_ and Ar,.

It has been demonstrated in laboratory experiments that Ar,
is related to D _ by [Ohnaka, 1996]

A7, (D, M
Amy A

where Ar,, and M are constants. On the other hand, D, is
related to A, by [Kuwahara et al., 1985; Ohnaka, 1992, 1996]

(17)

where m(o,) is a numerical parameter which is an increasing
function of o,,. The relation (17) shows that the slip displace-
ment D required for the slip-weakening zone behind the prop-
agating rupture front to break down is directly related to the
characteristic scale A, in the slip direction on the rupturing
surfaces. The parameter m(o,) may indicate the degree of
coupling between the rupturing surfaces.

L. D. (15)

(16)

D.=m(oy)A.
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Combining (16) and (17) with (12) and (15) leads to
[Ohnaka, 1996]

1
L.=X,=, "

- 1-M
- k ATbO {m(o'n)} )\c

(18)
Since k, p, ATy, and {m(a,)}' ™ are size-scale-independent
[Ohnaka, 1996], it follows that X_ and L each scale with A,
[Ohnaka, 1996]. The experimental result (Figure 28) shows
that the nucleation zone size (half length L) of (5-6) X 10> A,
is attained at V/Vg = 0.3-0.6. This experimental result agrees
well with the theoretical estimate from equation (18). For
instance, if it is assumed that the critical size of the nucleation
zone is attained at a value in the V/Vg range 0.3-0.6 and that
/7, = 0.5-0.8 [see Ohnaka and Yamashita, 1989], we have
L. = (4.4-7.0) X 10° A, from equation (18) by considering that
@ = 2 X 10* MPa for the granite sample used and assuming
that M = 1 and A7, = 3 MPa [see Ohnaka, 1996, Figure 3].
We thus have the following approximate relation:

2L, = 10", (19)

for the critical size of shear rupture nucleation zone from both
experiment and theoretical analysis. The relation agrees with
the estimates in earlier preliminary studies [Kuwahara et al.,
1986; Ohnaka, 1996].

For actual earthquake faults the effective characteristic
length A, can be inferred from relation (19), under the assump-
tion that relation (19) is applicable to actual earthquake faults.
The critical size of the nucleation zone has been estimated for
a number of major earthquakes, showing that the critical size
2L . for major earthquakes with M = 7-8 is of the order of
1-10 km [Ohnaka, 1993; Ellsworth and Beroza, 1995; Beroza
and Ellsworth, 1996; Shibazaki and Matsu'ura, 1998]. For these
major earthquakes, A, is estimated to be of the order of 10 cm
to 1 m from relation (19). These values for A, are compatible
with the critical slip displacement for major earthquakes [Pa-
pageorgiou and Aki, 1983; Ide and Takeo, 1997]. In fact, the
critical slip displacement of the same order of slip amount has
recently been estimated directly from inversion of near-field
seismic waves for the 1995 Kobe earthquake (M7.2) [Ide and
Takeo, 1997].

5.2. Duration

The time ¢ needed for shear rupture to grow from a stage of
the rupture growth length L in phase II to the critical length L
beyond which the rupture propagates at a fast speed V' close
to sonic velocities is given by

_[" AL 20
S 7T (20)
L
We thus obtain from (9) and (20)
A VYV -1
tc - st VS > VS ( )

where

vV V. a—]/n V. (—n+1)/n V/VS (=n+1)/n
(o) =aa(w) 1) ] @

Since the rupture growth velocity V" is a monotonically increas-
ing function of the rupture growth length L in the accelerating
phase, ¢, in equation (21) has been expressed as an explicit
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Figure 30. A log-log plot of the dimensionless critical time

tJ(ASVs) = f(VIVs, V/V) against the rupture growth rate I
normalized to the shear wave velocity V.

function of the rupture velocity V" in place of L. The theoret-
ical relations (21) and (22) show that ¢ scales with A, because
Vg and f(V/Vg, V V) are scale-independent. The time
T. (= X/V.) required for the slip-weakening zone behind the
propagating rupture front to break down also scales with A..
These results show that the rougher the rupturing surfaces, the
greater the timescales of shear rupture nucleation and the
breakdown behind the rupture front are.

In Figure 30 the dimensionless critical time ¢./(A/Vg) =
f(VIVs, V V) is plotted as a function of the dimensionless
velocity V/Vg for three cases where the parameter V. takes a
different value of 0.1V, 0.3V, and 0.6V. In this plot the
experimentally determined values of @ = 8.87 X 102 and
n = 7.31 have been employed. We find from Figure 30 that
the time 7, from a stage of any V'/V in phase II to the critical
stage V' /Vg virtually does not depend on the velocity V., ex-
cept for V/Vg > 2 X 1072 This shows that ¢, is predictable
from the relations (21) and (22) (see also Figure 30). For
instance, ¢, from a stage 1//Vs = 10 in phase II to the critical
stage V' /Vg is 80 ms for the extremely smooth fault (A, = 10
pm), and 1.6 s for the rough fault (A, = 200 wm) of laboratory
scale. In contrast, for major earthquakes for which A, = 0.1-1
m has been inferred, ¢, from V/V = 1077 to the critical stage
is of the order of 10 min to 2 hours, and ¢, from V/Vg = 10~°
to the critical stage is of the order of 1.7-17 hours. These
estimates show how the sizes of the nucleation and breakdown
zones of shear rupture and their durations are affected by
geometric irregularity of the rupturing surfaces.

6. Discussion: Scaling of Scale-Dependent
Physical Quantities Up to Large Earthquakes

There are two types of physical quantities inherent in shear
rupture: scale-dependent quantities and scale-independent
quantities. The scale-dependent quantities include the break-
down zone size X and its duration 7', the nucleation zone size
2L . and its duration ¢, the shear rupture energy G, the slip
acceleration D, and the cutoff frequency f5,,, of the power
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spectral density of the slip acceleration versus time record
observed at a position on the fault, while the scale-independent
quantities include the peak shear strength 7, and the residual
friction stress 7, in the breakdown zone, the breakdown stress
drop A, (defined as the stress difference between 7, and ),
and the slip velocity D on the fault [Ohnaka et al., 1987b, 1997,
Ohnaka, 1995, 1996, 1998].

Scale-dependent physical quantities can be treated unify-
ingly in quantitative terms by formulating the constitutive law
for shear rupture as a slip-dependent law so as to meet the
physical principles and constraints to be imposed on the law.
This leads to the conclusion that the constitutive law for shear
rupture should be formulated primarily as a slip-dependent law
[Ohnaka et al., 1997; Ohnaka, 1998]. The slip-dependent con-
stitutive formulation includes a scaling parameter D, which
allows one to give a common interpretation for shear rupture
of any size scale, from small scale in the laboratory to large
scale in the Earth as an earthquake source [Ohnaka, 1995,
1996, 1998; Ohnaka et al., 1997]. This will be further discussed
below.

It has been shown that both L _ and X, are directly related to
a scale-dependent constitutive parameter D, which is pre-
scribed by a characteristic scale A. in the slip direction on the
rupturing surfaces. This shows that the nucleation zone size
2L . and the breakdown zone size X, are characteristic dis-
tances representing the nucleation and breakdown processes,
respectively. It can also be shown that ¢, and T are related to
D, and hence ¢, and T, are characteristic times representing
the nucleation and breakdown processes, respectively.

In addition to the above scale-dependent quantities, other
scale-dependent physical quantities, such as G, D, and f%.,.,
are also expressed theoretically in terms of slip-dependent
constitutive law parameters including D .. For instance, it has
been shown that G is related to the constitutive law parame-
ters Ar, and D by [Palmer and Rice, 1973; Rice, 1980; Ohnaka
and Yamashita, 1989; Ohnaka et al., 1997]

G.= f (A(D) = 1D = {TAmD. ()
0

where I is a numerical parameter dependent on a specific form
of the slip-dependent constitutive relation [Ohnaka and Ya-
mashita, 1989]. The slip acceleration is also expressed in terms
of At and D, [Ida, 1973; Ohnaka and Yamashita, 1989]

I VoAT\% 1
=" () o
where ¢” is the nondimensional slip acceleration and C(V) is
a known function of the rupture velocity V' [Ohnaka and Ya-
mashita, 1989]. Similarly, the cutoff frequency f},.. at the
source is expressed as [Ohnaka and Yamashita, 1989)]

h Vo o Ar)\ 1

= 2 (1 )
] c

where 4 is a numerical constant (~1.876). All these expres-
sions show that scale-dependent physical quantities are com-
monly related to the scaling parameter D . In contrast, scale-
independent physical quantities do not depend on D_. Such a

typical example is the slip velocity, which is expressed as [/da,
1973; Ohnaka and Yamashita, 1989]

. T¢' V Ax
S om C(V)

(24)

(25)

(26)

where ¢' is the nondimensional slip velocity. Note that both ¢”
and ¢’ are scale-independent, because they are dimensionless
quantities.

We thus find from the above discussion that scale depen-
dency of scale-dependent physical quantities is commonly as-
cribed to scale dependency of D, and therefore the funda-
mental question for the scale dependency is why D, is scale-
dependent. The answer for this question is simple. An
earthquake source is, in general, considered to be shear rup-
ture on a preexisting fault in the seismogenic zone; however,
such a preexisting fault itself exhibits geometric irregularities
and mechanical inhomogeneities of various scales in the fault
zone. Consider, for instance, a specific case where a local patch
of high rupture growth resistance (which may be called “as-
perity”) in the fault zone is broken down. D . is by definition the
slip displacement required for the breakdown of the local
patch in this case, and a large amount of slip displacement is
needed for the breakdown of the patch of geometrically large
size, while only a small amount of slip is necessary for the
breakdown of the small patch size.

In the present experimental configuration a characteristic
scale on the rupturing surfaces was represented by A, which
characterizes geometric irregularity of the fault surfaces in the
slip direction. This will be a case which may be applied for real
earthquake faults. Another likely case may be that a charac-
teristic scale practically governing the breakdown process dur-
ing earthquake rupture is determined by the geometric size of
a representative patch of high rupture growth resistance on the
fault (asperity model). As mentioned in section 2, a local patch
of high rupture growth resistance will be attained at portions of
fault bend or stepover, at interlocking asperities of large size in
the fault zone, and/or at portions of adhesion (or cohesion)
healed between the mating fault surfaces during the interseis-
mic period. The geometric size of such a local patch of large
scale can be a characteristic size representing the fault by
which the breakdown process during earthquake rupture is
virtually governed. For instance, the fracture energy G, and
the maximum slip acceleration D, at an earthquake source
are practically represented by G and D . at a local portion of
high rupture growth resistance (or asperity) on the fault. This
is discussed specifically below.

It has been evaluated for major earthquakes that G is 10°-
108 J/m? [Aki, 1979; Papageorgiou and Aki, 1983; Li, 1987], that
A, is of the order of 1-10*> MPa [Papageorgiou and Aki, 1983;
Ide and Takeo, 1997], and that D_ is of the order of 0.1-1 m
[Papageorgiou and Aki, 1983; Ide and Takeo, 1997]. In contrast,
laboratory experiments show that G, = 10*-10° J/m?, Az, =
10-10*> MPa and D, ~ 1 mm for shear fracture of intact granite
samples under lithospheric conditions [Ohnaka et al., 1997]
and that G_ = 0.1-1 J/m? Ar, = 107°-1 MPa, and D_ =
10~°-10~> m for stick-slip dynamic failure on preexisting faults
(of A, = 10-50 pum) in the present experiments. From these
values we find a great difference in G . between shear fracture
of intact rock sample and stick-slip failure on preexisting faults.
This difference, however, is simply ascribed to the differences
in both A7, and D between them; that is, A7, and D, for shear
fracture of intact rock sample are much larger than Az, and D
for stick-slip failure. We find another great difference in G
between major earthquakes and shear fracture of intact rock
samples; G for major earthquakes is 2-3 orders of magnitude
higher than G for shear fracture of intact rock samples. Since
Ar, for major earthquakes is of roughly the same orders of
magnitude or slightly less than that for fracture of intact rock
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samples, the difference in G is necessarily ascribed to the
difference in D _. In fact, it has been shown [Ohnaka, 1998] that
D for major earthquakes is 2-3 orders of slip amount larger
than D for shear fracture of intact rock samples.

The fact that A, for a representative patch (or asperity) on
an earthquake fault is as large as that for shear fracture of
intact rock samples in the laboratory shows that the fault
strength locally equals the strength of intact rock. However,
the geometric size of such a local patch on an earthquake fault
is much larger than the size of an intact rock sample in the
laboratory. This is inferred from the fact that D for a local
patch of high rupture growth resistance on a major earthquake
fault is much larger than D for shear fracture of an intact rock
sample in the laboratory.

The maximum slip acceleration D, has generally been
evaluated to be of the order of 10 m/s* (~1 g) for major
earthquakes, whereas D .. has been measured to be of the
order of 10° m/s* for stick-slip dynamic failure on preexisting
faults of laboratory scale [Ohnaka et al., 1987, Ohnaka and
Yamashita, 1989]. The huge difference in D, between major
earthquakes and stick-slip dynamic failure is explained in
quantitative terms from the difference in D_ between the two
[Ohnaka et al., 1987b; Ohnaka and Yamashita, 1989]. The scale
dependency of f},., can similarly be explained quantitatively
[see Ohnaka and Yamashita, 1989; Ohnaka, 1995, 1996]. Thus
scale-dependent physical quantities inherent in shear rupture
can be scaled consistently in terms of the scale-dependent
constitutive law parameter D, which is in turn prescribed by A..

7. Conclusions

The principal conclusions are summarized as follows. The
present series of high-resolution experiments on propagating
shear rupture on preexisting faults with different surface
roughnesses led to the conclusive results that the nucleation
process consists of two phases (an initial, quasi-static phase
(phase I) and a subsequent accelerating phase (phase II)) and
that the nucleation process is affected by geometric irregularity
or roughness of the rupturing surfaces. In order to detect the
nucleation that proceeds in a localized zone with time it is
critical to monitor spatial changes of a series of local shear
stresses and slip displacements measured in the vicinity of the
fault. Although the shear stress along the fault concentrates
more at the location where the fault strength is locally higher,
shear rupture begins to nucleate around the location where the
strength is the lowest on the fault. In phase I the rupture grows
at a slow, steady speed, and the rupture growth rate is inde-
pendent of the rupture growth length. In phase II, in contrast,
the rupture develops at accelerating speeds, and the rupture
growth rate increases with an increase in the rupture growth
length, according to a power law of the expression (9). The
critical size 2L . of the nucleation zone and its duration ¢,
depend greatly on topographic irregularity of the rupturing
surfaces, and the experimental and theoretical analyses show
that both L and ¢_ scale with a characteristic length A, repre-
senting topographic irregularity of the rupturing surfaces in the
slip direction. The result provides an important implication for
predicting the onset of dynamic high-speed rupture because
the run-up distance and time are short to attain the fast-speed
rupture on smooth fault surfaces and because a long run-up is
necessary for reaching the same speed on rough, irregular fault
surfaces. The slip-weakening process during nucleation is less
stable and more dynamic on a smoother fault. Scale-dependent
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physical quantities inherent in shear rupture can be treated
unifyingly in quantitative terms; that is, scale dependency of
scale-dependent physical quantities is commonly ascribed to
scale dependency of the slip-dependent constitutive law pa-
rameter D, which is in turn governed by A.. Although A_ here
is defined as a characteristic wavelength representing geomet-
ric irregularity of the fault surfaces in the slip direction, such a
characteristic size for an actual earthquake may virtually be
represented by the geometric size of the largest patch of high
rupture growth resistance on the fault. A unified comprehen-
sion can thus be provided for shear rupture of any size scale,
from small scale in the laboratory to large scale in the Earth as
an earthquake source, if the constitutive law for shear rupture
is formulated as a slip-dependent law so as to meet the physical
principles and constraints to be imposed on the law.
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