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[1] In the framework of slip-dependent constitutive formulation, which leads to a
unifying law that governs not only frictional slip failure at precut interface areas on faults
but also shear fracture of intact rock at local strong areas on the faults, a thorough
investigation has been made about how the constitutive law (of dimensionless form) for
rock failure at local strong areas on faults is affected by seismogenic crustal conditions
of effective normal stress, pore pressure, and temperature, on the basis of laboratory data
on the shear fracture of granite rock obtained by Kato et al. (2003a) under crustal
conditions simulated in the laboratory. It has been revealed how dimensionless constitutive
law parameters distinctively vary with depth, depending on the crustal conditions
simulated; consequently, the constitutive behavior including the slip-weakening phase also
distinctively varies with depth. This behavior in the regime of suprahydrostatic pore
pressure clearly differs from that in the regime of hydrostatic pore pressure. The results of
this study are suited for implementation in a numerical code, and the constitutive
properties of rock failure at local strong areas (called “asperites’) on faults will be easily

assimilated into numerical models of earthquake ruptures for realistic computer

simulation.
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1. Introduction

[2] It has been established to date that an earthquake
source at shallow crustal depths is shear rupture instability
that takes place along an inhomogeneous fault embedded in
the seismogenic crust composed of rocks. At the same time,
laboratory experiments have demonstrated that shear rup-
ture of rock is governed by constitutive law. These facts
enable computer simulation of earthquake generation pro-
cesses in a virtual world, and a great number of such
simulations have been carried out. For realistic computer
simulation of earthquake ruptures, however, it is critically
important to formulate the constitutive law for earthquake
ruptures rationally based on solid facts, and to unravel how
the constitutive law is affected by seismogenic conditions at
crustal depths.

[3] The brittle, seismogenic crust and individual faults
embedded therein are inherently inhomogeneous, and fault
inhomogeneity has profound implications for rational
constitutive formulation for earthquake ruptures [see
Ohnaka, 2003, 2004]. There is compelling evidence that
not only stress but also strength and resistance to rupture
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growth are inhomogeneously distributed on faults. Seismo-
logical observations and analyses [e.g., Kanamori and
Stewart, 1978; Aki, 1979, 1984; Beroza and Mikumo,
1996; Bouchon, 1997; Zhang et al., 2003; Yamanaka and
Kikuchi, 2004] have commonly revealed that individual
faults are heterogeneous and contain what are called “as-
perities” [Lay et al., 1982] or “barriers” [4ki, 1979]. The
presence of “asperities” or “barriers” on a fault physically
means that a real fault comprises local strong areas of high
resistance to rupture growth, with the rest of the fault having
low (or little) resistance to rupture growth [see Ohnaka,
2004]. These seismological observations are consistent with
geological observations of structural inhomogeneity and
geometric irregularity for real faults described below.

[4] In general, real faults embedded in the seismogenic
crust are nonplanar, being segmented and bifurcated [e.g.,
Sibson, 1986; Wesnousky, 1988]. In addition, individual
surfaces of fault segments exhibit geometric irregularity
with band-limited self-similarity [e.g., Aviles et al., 1987;
Okubo and Aki, 1987], and there are gouge layers in
between fault surfaces for mature faults [Sibson, 1977].
These geometric irregularities and structural inhomogenei-
ties for real faults (or fault zones) play a prominent role in
causing inhomogeneous distributions of not only stresses
acting on individual faults but also the fault strength and
resistance to rupture growth, because these physical quan-
tities are structure-sensitive. Consider for instance the case
where a fault consists of a number of discrete segments
which form an echelon array with individual segments
nearly parallel to the general trend of the fault [Segall and
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Pollard, 1980]. The stepover zones in such an array
possibly have the highest strength, equal to fracture strength
of intact rock, and the resistance to rupture growth may be
high enough to impede or arrest the propagation of ruptures
at these sites. In addition, nonplanar fault segment surfaces
that exhibit geometric irregularity with band-limited self-
similarity contain various wavelength components. When
such geometrically irregular fault segment surfaces, pressed
under a compressive normal stress, are sheared in the brittle
regime, the prime cause of frictional resistance is the
shearing strength of interlocking asperities [Byerlee,
1967]. In this case, the local strength at the sites of inter-
locking asperities is strong enough to equal the shear
fracture strength of initially intact rock in the brittle regime.

[5] Thus the sites of the zones of segment stepover and/or
interlocking asperities stated above are potential candidates
for strong areas of high resistance to rupture growth. These
sites may act as ‘“barriers” or “asperities”. When such
strong areas act as ‘“‘barriers”, stress will build up and
elastic strain energy will be accumulated at and around
these sites until they break. When a large rupture breaks
through these sites and links them together, they will be
regarded as ““asperities”. Local stress drops at “asperities”
on real seismic faults obtain values as high as 50 to 100 MPa
[Bouchon, 1997; Papageorgiou and Aki, 1983; Ellsworth
and Beroza, 1995], which is high enough to equal the
breakdown stress drop of intact rock tested under seismo-
genic crustal conditions simulated in the laboratory
[Ohnaka, 2003; Kato et al., 2003a, 2004]. Strong areas
such as these on a fault are required for an adequate amount
of elastic strain energy to accumulate in the elastic medium
surrounding the fault owing to tectonic loading. The elastic
strain energy accumulated provides the driving force to
bring about a large earthquake or to radiate strong motion
seismic waves. The size (or magnitude) of an earthquake is
prescribed by the driving force, which is in turn determined
by the presence of local strong areas on the fault.

[6] Thus it is obvious that the earthquake rupture process
at shallow crustal depths is not a simple one of frictional slip
failure on a precut weak fault, but a more complex process
including the fracture of initially intact rock on an inhomo-
geneous fault. Moreover, local strong areas (called “asper-
ities”) of high resistance to rupture growth on a fault play a
more important role in determining the size of an earth-
quake than the rest of the fault with low (or little) resistance
to rupture growth. The constitutive law for earthquake
ruptures must therefore be formulated as a unifying law
that governs not only frictional slip failure at precut inter-
face (or frictional contact) areas on a fault but also shear
fracture of intact rock at local strong areas on the fault. This
very important requirement must be met when we rationally
formulate the constitutive law for real earthquake ruptures.

[7] The constitutive formulations so far attempted can be
categorized into two different approaches: the rate- and
state-dependent formulation [e.g., Dieterich, 1978, 1979,
1981, 1986; Ruina, 1983] and the slip-dependent formula-
tion [e.g., Ida, 1972; Ohnaka et al., 1987; Ohnaka and
Yamashita, 1989; Matsu'ura et al., 1992]. However, the
rate- and state-dependent formulation does not lead to such
unifying laws as stated above, because the rate- and state-
dependent law is not applicable to the instability or stability
of the shear fracture process of intact rock. By contrast, the
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slip-dependent formulation leads to the aforementioned
unifying law [see Ohnaka, 2003, 2004]. It is therefore very
rational to assume a slip-dependent constitutive law as the
governing law for earthquake ruptures.

[8] As discussed above, it is crucial to know constitutive
properties for the shear fracture of intact rock at local strong
areas on faults under seismogenic conditions at crustal
depths. However, little attempt has been made to estimate
depth profiles of the constitutive properties at such local
strong areas on faults in the framework of slip-dependent
constitutive formulation, though much effort has been
devoted to estimating depth profiles of constitutive proper-
ties of rock friction on precut weak faults in the framework
of rate- and state-dependent constitutive formulations [e.g.,
Tse and Rice, 1986; Blanpied et al., 1991, 1995]. Kato et al.
[2003a, 2004] were the first to study constitutive properties
for shear fracture of intact rock under seismogenic con-
ditions at crustal depths, and thereby estimate depth profiles
of constitutive law parameters in the framework of slip-
dependent constitutive formulation. However, the results are
rather simplified because of a simplified analytical approach.

[9] In this paper, we will investigate in more detail, by
rationally formulating the constitutive law in a dimension-
less form, and by taking a numerical approach, how the slip-
dependent constitutive law for shear fracture of intact rock
is affected by effective normal stress, pore pressure and
temperature at seismogenic, crustal depths ranging from the
surface to 16 km deep in a simulated crust, and thereby
specifically reestimate depth dependence of constitutive
properties for rock failure at local strong areas on faults.
The results are suited for implementation in a numerical
code, and constitutive properties for the rupture of local
strong areas on faults will be easily assimilated into numer-
ical models for computer simulation of the earthquake
generation process in realistic seismogenic environments.

2. Laboratory Data Used for Analysis

[10] To establish the constitutive law for shear fracture (or
failure) of intact rock in the brittle to brittle-plastic transition
regimes under seismogenic crustal conditions, it is neces-
sary to observe carefully the entire shear failure process,
during which the postfailure (or slip weakening) behavior is
stabilized. The postfailure behavior can be stabilized even in
the brittle regime by enhancing the stiffness of the loading
system and properly choosing servocontrol variables. We
constructed a sophisticated high-pressure testing apparatus
having a stiff loading frame and electronic servocontrols
with a 16-bit resolution digital system [Ohnaka et al.,
1997]. The entire system includes the load frame assembly
with which servohydraulic actuators are integrated, a triaxial
pressure cell, servohydraulic intensifiers (for confining
pressure and pore pressure), a hydraulic power supply
system, a heater and cascade temperature controller, a
cooling water supply system, and a computer-automated
system controller with software designed for use with
multiple channel servohydraulic valves and a heater (for
further details, see Ohnaka et al. [1997]). Using this
apparatus, a great number of experiments have been con-
ducted to observe constitutive relations for the shear failure
of intact Tsukuba granite at seismogenic crustal conditions
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Shear stress

Slip displacement

Figure 2. Schematic diagram of the laboratory-derived
constitutive relation between the shear stress 7 and slip
displacement D. Here ; represents the initial strength at the
onset of slip, 7, represents the peak shear strength, AT,
represents the breakdown stress drop defined by A1, =7, —
T (1, residual frictional stress), D, represents the critical
displacement at which the peak shear strength is attained, and
D, represents the breakdown displacement, which is defined
as the critical amount of slip required for the shear traction to
degrade to the residual frictional stress. The slip-weakening
displacement Dy, is defined by Dy, = D. — D,. The vertical-
lined area is equal to the shear fracture energy G..

makes it possible to govern the stability or instability of
shear fracture of intact rock [see Ohnaka, 2003, 2004]. The
formulation presumes that the shear traction 7 along the
macroscopic rupturing surfaces degrades with ongoing slip
D (see Figure 2), with its functional form being affected by
other parameters such as slip rate D. The law is in general
expressed as [Ohnaka, 1996, 2004; Ohnaka et al., 1997]

7 =f(D;D, X\, 02", T, CE) (1)

where frepresents the constitutive relation between 7 and D,
and the constitutive relation may be affected by not only D
but also such parameters as the scaling parameter A,
effective normal stress o<t temperature 7, and the chemical
effect of interstitial pore water CE. The effective normal
stress is defined by o= 5, — P, where o, is normal stress,
and P is pore pressure. An essential feature of this
formulation is that slip displacement is an independent
variable and that the transient response of the shear traction
to the displacement is fundamentally important. The effect
of slip rate is secondary compared with the primary effect of
displacement.
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[15] The slip-dependent constitutive relation derived
from laboratory experiments on the shear rupture of rock
is commonly represented as illustrated in Figure 2. In
Figure 2, 7; represents the initial strength at the onset of slip,
T, is the peak shear strength, Ay, is the breakdown stress
drop defined by A7y, = 7, — 7, (7, residual frictional stress),
D, is the critical displacement at which the peak shear
strength is attained, and D, is the breakdown displacement,
defined as the critical amount of slip required for the shear
traction to degrade to the residual frictional stress. The slip-
weakening displacement Dy, is defined by Dy, = D, — D,.
The vertical-lined area in Figure 2 is equal to the apparent
shear rupture energy G, defined by [Palmer and Rice, 1973]

G.= | [r(D) —7]dD (2)

O\P

from which it can intuitively be understood that the slip-
dependent constitutive law automatically satisfies the
Griffith energy balance fracture criterion. Since G,
represents the energy required for the rupture front to further
grow, the resistance to rupture growth is defined as G..

[16] In this paper, focus is placed on how the slip-
dependent constitutive law is affected by the effective
normal stress, pore water pressure, and temperature in the
seismogenic layer at crustal depths. The effects of D, A,
o T, and CE are implicitly exerted on the law through the
constitutive law parameters 7, 7, A7y, D,, and D.. These
constitutive law parameters are affected by the effective
normal stress, pore water pressure, and temperature, which
in turn are functions of position r in the crust. We thus
assume that the laboratory-derived constitutive relation
between 7 and D at a position r is expressed as [Ohnaka,
1996]

T(D,r) = 7p(r) — ATpso(r)

: {1 — (D, r) exp {fA(r)B(r) <Df(r) - 1)} } (3)

where

(D,r) = 1+ A(r) log(l + B (%(r) - 1)) ()

In equations (3) and (4), ATy is the breakdown stress drop
defined by ATy, = Tp — Troo (Troo 1 the residual friction
stress as D — o), and A(r) and B(r) are dimensionless
parameters which are functions of position r on the fault.

[17] Here we define an effective breakdown displacement
DS as the slip displacement at which the relation 7 = 7, +
XATpe holds, where x is a fixed numerical parameter (for
instance, 0.1) that has been introduced to define D™, The
corresponding_effective breakdown stress drop A7g is
given by Ae! = (1 — \)ATps. We will hereafter use the
symbols D" and A7 in place of D, and AT, respectively.

[18] If the constitutive law parameters 7, i, AT D,
and DE™ are known as functions of position r, the parameters
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A(r) and B(r) can be determined by solving the following
simultaneous equations [Ohnaka, 1996]:

{1 + A(r) log[l +B(r) (I;E:}k(r’)) - 1)]}

eff r
- exp {—A(r)B(r) (D’i((r)) — 1)} =¥ (5)
and
1 —[1+A4(r) log(1 — B(r))] exp[A(r)B(r)] = R(r)  (6)
where

Tp(r) = 7i(r)

RO = o] — )

(7)

[19] If we further define the dimensionless shear stress o
by o = 7/7,(r), and the dimensionless slip displacement d by
d = D/D,(r), equation (3) is rewritten as

o(d,r) =1—=8SE){l —[1+A(r)log(l + B(r)(d — 1))]
~exp[—A(r)B(r)(d — 1)]} (3)

where

AT /(1= x)

7p(r)

S(r) = 9)

If A(r), B(r), and S(r) are evaluated at any position r on a
fault embedded in the seismogenic crust, equation (8)
completely specifies the relation between o and d on the
fault, and hence the constitutive relation between 7 and D
on the same fault can be uniquely determined.

[20] Laboratory experiments [Ohnaka, 2003] on rock
fracture and frictional slip farlure clearly show that the
displacement parameters D,, DS and Dy (= D™ — D,)
are not independent but dependent on one another. In other
words, there are direct proportional relationships between
D,, Dy, and D, that is [Ohnaka, 2003],

Dy = ¢ D (10)

and

D, = ¢, D¢ (11)
where ¢; + ¢, =1 and ¢, and ¢, are numerical constants. The
laboratory experiments [Ohnaka, 2003] also demonstrate
that the fundamental cause of the scaling property of the
displacement parameters D,, D, and D lies in the
characteristic length )., defined as the predominant
wavelength that represents geometric irregularity of the
shear-rupturing surfaces in the slip direction. Specifically,
D scales with )\, in accordance with the following relation
[Ohnaka, 2003]:

i eff\
D(e:tf _ K(AA) e (12)

Tp
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where K and m are constants in the brittle regime. As is
obvious from equations (10), (11) and (12), D, and D, also
scale with )\, (for details, see Ohnaka [2003]).

4. Depth Dependence of Constitutive Law
Parameters

[21] In the previous analysis, Kato et al. [2004] implicitly
assumed a simplified slip-weakening model, in which the
slip-strengthening phase before the peak strength is attained
at D = D, is completely disregarded, and the roles of the
parameters 7; and D, are not considered in the model.
Though such a simplified slip-weakening model is useful,
note that the model necessarily leads to a singularity of slip
acceleration near the front of a dynamically propagating
rupture [/da, 1973], which is physically unrealistic. To
avoid such an unrealistic singularity of slip acceleration,
the constitutive law must be formulated so as to incorporate
the slip-strengthening phase [lda, 1973; Ohnaka and
Yamashita, 1989]. Hence the parameters 7; and D, cannot
be ignored in the constitutive formulation when we discuss
strong motion source parameters such as the peak slip
velocity and acceleration in dynamic rupture regime in
quantitative terms [Ohnaka and Yamashita, 1989]. In this
section, we evaluate depth dependence of constitutive law
parameters, assuming a more complete formulation of the
constitutive law expressed by equation (3) or (8).

[22] The dimensionless form (8) of the constitutive law is
uniquely determined as a function of depth r if the param-
eters S(r), A(r) and B(r) are known. It is therefore critical to
identify depth profiles of these parameters in the seismo-
genic zone. We investigate specifically how the constitutive
law parameters S, A, and B vary with depth depending on
the seismogenic, crustal conditions of o, P, and 7, using
laboratory data published by Kato et al. [2003a]

[23] To observe how the d1mens10n1ess quantity S defined
by equatlon (9) is affected by o2, P, and Tat crustal depths,
A7"/7, is plotted as a function of depth in Figure 3. The
broken lines in Figure 3 indicate five-point moving averages
for each pore pressure regime. One can see from Figure 3
that A7/, decreases with depth, and is greater in the
suprahydrostatic pore pressure regime than in the hydro-
static pore pressure regime. This difference is ascribed to the
difference in the effective normal stress oS due to different
pore pressures This is conﬁrmed in Figure 4, which shows
a plot of A7g’ /Tp against o2 for two different sets of data
obtained under the two d1fferent pore pressure regrrnes One
can clearly see that when AT /Tp is plotted against o the
two different sets of data are aligned with each other in spite
of the differences in pore pressure and temperature between
the two.

[24] To solve simultaneous equations (5) and (6) in order
to find a set of numerical solutions for A(r) and B(r) at a
depth r, we have to know depth distributions of the
parameters R = (1, — Y[ATE(1 — )] and DEY/D,. To
observe how the dimensionless quantity R varies with
depth, depending on the crustal conditions of o2, P, and
T, (tp — )/ AT is plotted against depth in Figure 5. The
broken lines in Figure 5 indicate five-point moving averages
for each pore [pressure regime. It is found from Figure 5 that
(tp — Ti)/ATy " increases with depth in the hydrostatic pore
pressure regime, while it is insensitive to depth in the
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Figure 3. Plot of Aﬁfff/rp against crustal depth for data
obtained under hydrostatic and suprahydrostatic pore
pressures.

suprahydrostatic pore pressure regime. It is also found that
(Tp — T)/ATET is greater in the hydrostatic pore pressure
regime than in the suprahydrostatic pore pressure regime,
which is ascribed to the difference in oS between the two
regimes due to different pore pressures. This is confirmed in
Figure 6, which shows a plot of (7, — )/ ATET against o
for two different sets of data obtained in the two different
pore pressure regimes. One can see from Figure 6 that these
different sets of data are aligned with each other in spite of
the differences in pore pressure and temperature.

[25] To evaluate how DS/D, varies with depth, we first
determine to what extent the ratio Dgff/Da is affected by
o P and T. Since Dy, is defined as Dy, = DS — D,,
the ratio D/D, is uniquely related to the ratio Dy,/DS"
(=1 — D/D™), and hence it suffices to investigate how
the ratio Dy/D is affected by ¢, P, and T. Figure 7
shows a plot of ¢; = Dy/DST against the peak shear
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strength 7, for data on frictional slip failure and the shear
fracture of intact Tsukuba granite tested in the brittle
regime (where temperature ranges from room temperature
to roughly 300°C). These data were taken from earlier
papers [Ohnaka and Shen, 1999; Ohnaka, 2003], with
some unpublished data (2003). Figure 7 shows that Dy o/ DS
does not depend on 7. Since 7, is an increasing function
of o5 in the brittle regime, one can see from Figure 7 that
the ratio DZ/D, is not only unaffected by the peak shear
strength but also unaffected by the effective normal stress
in the brittle regime. Figure 7 also shows that the ratio
Dy../DST has a constant value of 0.8 (which corresponds to
DD, = 5) for both the shear fracture of intact rock and
frictional slip failure on a precut fault. This suggests that
the shear fracture of intact rock and frictional slip failure
can both be unified in a consistent manner in the frame-
work of slip-dependent constitutive formulation [Ohnaka,
2003].

[26] Figure 8 shows how DZ/D, (= 1/c,) varies with
depth. Figure 8 indicates that DE™/D, does not significantly
vary with depth at depths shallower than roughly 10 km,
whereas it increases at greater depths. One can see from
Figure 8 that DS"/D, at depths shallower than 10 km is
significantly unaffected by pore pressure within the exper-
imental errors. At greater depths, however, it is affected by
pore pressure; in other words, DD, at depths greater than
10 km is affected more sensitively in the suprahydrostatic
pore pressure regime than in the hydrostatic pore pressure
regime. Note that the ratios of one displacement parameter
D,, Dy, or DT to another are scale-independent [Ohnaka,
2003]. This can easily be confirmed from Figure 9, which
shows a plot of ¢; = Dy,o/D™ against the effective break-
down displacement DS for data on frictional slip failure and
shear fracture of intact Tsukuba granite tested in the brittle
regime LOhnaka, 2003]. From Figure 9, one can see that ¢ =
Dayo/DE™ does not depend on DS, This means that the ratio
Dyo/DET is scale-independent, despite the fact that each
displacement parameter DT or D, is scale-dependent as
mentioned in section 3. Likewise, the ratio D¢"/D, (= DE"/
(D™ — Do) is also scale-independent.

[27] We can thus summarize two important facts about
the displacement parameters D,, Dy, and DT as follows:
(1) the ratios of one displacement parameter D,, Dy, or DS
to another are constant, and neither scale-dependent nor
dependent on ambient conditions such as the effective
normal stress and temperature in the brittle regime, and
(2) DE/D, has a universal, constant value of roughly 5 within
experimental error in the brittle regime (corresponding to a
depth range down to roughly 10 km). The value of 5 for
DD, in the brittle regime agrees with that obtained in
previous experiments [see Ohnaka, 2003]. For the hydro-
static pore pressure regime, we thus assume that D"/D, has
a constant value of 5 within a depth range down to 11 km,
and at greater depths increases as listed in Table 1 (see also
Figure 8). For the suprahrydrostatic pore pressure regime, we
consider the fact that DS"/D, is more sensitively affected by
pore water pressure at greater depths, and hence we assume
that DE™/D, has the same value of 5 within a depth range
down to 9 km, and at greater depths increases as listed in
Table 2 (see also Figure 8).

[28] Using values listed in Tables 1 and 2 for DS/D, and
R as a function of depth, we can now solve simultaneous
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Figure 5. Plot of (7, — )/ ATET against crustal depth for
data obtained under hydrostatic and suprahydrostatic pore
pressures.

5. Discussion

[31] As stated in sections 1 and 3, the slip-dependent
constitutive law is the only formulation that makes it
possible to govern the stability or instability of the shear
fracture which possibly occurs at local strong areas called
“asperities” on faults, and the law automatically satisfies
the Griffith energy balance fracture criterion. In addition,
formulation of the governing law as a slip-dependent
constitutive law is more appropriate than any other formu-
lation for accounting for scale-dependent physical quantities
inherent in the rupture quantitatively [Ohnaka, 2006]. This
is because the scale-dependent physical quantities scale
straightforwardly with the breakdown displacement DS,
which is directly related to the geometric length of the
coherent zone of rupture breakdown [see Ohnaka, 2000,
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2003, 2004]. Note that D™ is by definition the slip
displacement at the end of the breakdown process and that
the parameter DS needed to account for the scale-dependent
physical quantities is inherently incorporated into the slip-
dependent law. Thus the slip-dependent constitutive law is a
generalized, more universal law than the Griffith fracture
criterion, in the sense that the physical scaling property is
incorporated into the slip-dependent law.

[32] In the framework of slip-dependent constitutive
formulation, we have estimated depth distributions of the
dimensionless constitutive law parameters S, 4, and B at
strong areas called “asperities” on faults from experimental
data [Kato et al., 2003a]. These estimates enable one to
specify depth distributions of the dimensionless constitutive
relation between o and d from equation (8). Figures 13 and
14 show how constitutive relations thus derived between o
and d change with depth, in the hydrostatic and supra-
hydrostatic pore pressure regimes, respectively. These rela-
tions have been calculated using the values for S, 4, and B
listed in Tables 1 and 2. One can see clearly from Figures 13
and 14 that slip-weakening behavior, after peak strength has
been attained, is observed at all depths down to 15—16 km;
however, this slip-weakening behavior (or the constitutive
relation between o and d) distinctively changes with depth,
with variations of lithostatic pressure, pore pressure,
and temperature. These distinctive features have to be
assimilated into numerical models for computer simulation
of the earthquake generation process in realistic seismogenic
environments.

[33] The dimensionless shear traction o is converted to a
dimensional shear traction 7 by the relation 7 = 7,0, and the
dimensionless slip displacement d is converted to a dimen-
sional slip displacement D by the relation D = D,d. In order
to convert the dimensionless form of the constitutive rela-
tion to its dimensional form at individual depths, we need to
know depth profiles of 7, and D, under the simulated
seismogenic, crustal conditions. Figure 15 shows experi-
mental results of Kato et al. [2003a], indicating how 7, and
DS for the shear fracture of intact Tsukuba granite vary
with depth at the simulated crustal conditions of tempera-
ture, and lithostatic pressure in the hydrostatic and supra-
hydrostatic pore pressure regimes shown in Figure 1. Kato
et al. [2004] empirically derived equations expressing 7,
and DS as functions of the effective normal stress and
temperature in the hydrostatic pore pressure regime.

[34] In section 1 we argued that real earthquake faults in
the crust are inherently inhomogeneous [see also Ohnaka,
2004] and that these inhomogeneous faults comprise local
strong areas (called “asperities” or “barriers”’) of high
resistance to rupture growth, with the rest of the faults
having low (or little) resistance to rupture growth. Since 7,
shown in Figure 15 is the shear fracture strength of intact
granite obtained at seismogenic crustal conditions, it repre-
sents the highest possible value for the strength of such
strong areas on faults embedded in the seismogenic crust.
Note that the shear fracture strength is the upper limit of
frictional strength on a precut interface, which can easily be
proven in terms of the microcontact physics of a sliding
interface in intimate contact [Ohnaka, 1996]. The highest
possible value for the strength at strong areas on faults is
greatly affected by pore pressure. Therefore the dimensional
shear traction 7, to which the dimensionless shear traction o
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Figure 6. Plot of (7, —

/AT against the effective normal stress oS for data obtained in the

hydrostatic and suprahydrostatic pore pressure regimes.

is converted by 7 = 7,0, is also greatly affected by the
mechanical effect of pore pressure. Indeed, 7, in the
hydrostatic pore pressure regime is much higher than that
in the suprahydrostatic pore pressure regime (Figure 15).
[35] The constitutive law parameter D, plays a key role
in converting the dimensionless parameter d to the
corresponding displacement parameter D, which is scale-
dependent. Hence it is important to observe how and to
what extent D, is affected by seismogenic, crustal condi-
tions. It has been unknown until now, however, how D,
varies with depth at seismogenic, crustal conditions, be-

cause the role of D, has been overlooked. It is therefore
worthwhile to present it. A plot of D, against depth is
shown in Figure 15 for the data set taken from Kato et al.
[2003a]. One can see from Figure 15 that D, can be
regarded as virtually constant over a depth range down to
16 km; in other words, it is neither appreciably affected by
effective normal stress or temperature, nor affected by
whether failure occurs in the hydrostatic pore pressure
regime or in the suprahydrostatic pore pressure regime.
This finding is important and noteworthy because DS
exhibits contrasting behavior in a depth range roughly from
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Figure 7. Plot of ¢,
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10 to 16 km, where it increases with depth (see Figure 15).
It has been shown that the increase in DS with depth in the
range from 10 to 16 km is ascribed to the effect of
temperature above 300°C [Kato et al., 2003a].

[36] D, (and D) shown in Figure 15 are the critical
displacements on the shear rupture surfaces of intact Tsu-
kuba granite samples (circular cylinders 40 mm long and
16 mm in diameter) tested in the laboratory. Since D, and
DE™ are scale-dependent, it is meaningless to compare their
absolute values obtained in the laboratory straightforwardly
with those of earthquake ruptures that occur on crustal faults
of much larger scale. Although it has been found that D, is
neither influenced by such crustal conditions as the effective
normal stress and temperature, nor influenced by whether
failure occurs in the hydrostatic or suprahydrostatic pore
pressure regime, D, depends significantly on the character-
istic length A that represents the predominant wavelength
of geometric irregularity of the shear-rupturing surfaces. As
noted in section 3, D, scales with DS in the brittle regime in
accordance with equation (11).

[37] Since DT is directly related to the geometric length
of the coherent zone of rupture breakdown, the critical
amount of slip required for a larger asperity to break down
is necessarily larger. Consider for instance a simple situation
where two asperities on a fault are interlocked. In order to
shear the fault in this situation, it is necessary for these
interlocking asperities to fracture (when the compressive
normal stress is sufficiently high), or alternatively to slide
over each other (when the normal stress is sufficiently low).
When a geometrically larger asperity is fractured, a longer
predominant wavelength is necessarily contained in the
irregular rupturing surfaces of the asperity because of fractal
nature involved when the other conditions are equal, and
DS scales with the characteristic length ), defined as the
predominant wavelength of the geometric irregularity in the
slip direction, according to equation (12) [Ohnaka, 2003].
On the other hand, when two interlocking asperities slide
over each other to cause frictional slip failure, D™ scales
with the predominant length ). determined from the slip
distance required for one asperity to slide over the other. In
either case, a large amount of slip is necessary for a large

4F T T IIIIIII T T IIIIIII T T IIIIIII T T T TTTTT]

2 .
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Figure 9. Plot of ¢; = D,/ DS against the effective breakdown displacement DT for frictional slip
failure and shear fracture of intact granite tested in the brittle regime.
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assumed is shown.

of the order of 1 m or more, which is 103 times larger than
D™ measured for the shear fracture of granite samples in the
laboratory (for details, see Ohnaka [2003]). A correct
estimate of the amount of D™ is important not only in
evaluating the apparent rupture energy (or the resistance to
rupture growth) but also in evaluating D, for an earthquake.
D, can be estimated from equation (11): for instance, D, =

The case for which a value of DE"/D, = 5 has been

20 cm if DS is assumed to be 1 m in the brittle regime. Note
therefore that the amount of D, is not negligible.

[39] It has been found that the parameters ¢, ¢, K, and m
for the shear fracture of intact rock in the brittle regime (at
temperatures below 300°C) have constant values equal to
those for frictional slip failure. The existing data suggest,
however, that some of those parameters depend on temper-
ature above 300°C (Figure 8; see also Ohnaka [2003]).

5 T I L LI I L I L I LI I L I L) I LI I T
C Tsukuba granite ]
4 — R =2.9456 assumed: —
B —— A (Hydrostatic) 1
C —e— B (Hydrostatic) 7
- R = 1.0000 assumed: i
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e C —O— B (Suprahydrostatic) ]
o - -
< B _
2+ —
1 —
ol 1]

6 7

D

8 11 12

eff
/D

9 10

a

Figure 12. Relation of 4 or B to DE™/D,. The two cases where R = 1.0000 and 2.9456 have been
assumed are shown for hydrostatic and suprahydrostatic pore pressures.
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Specifically, 1/c, (= DE/D,) can be regarded as constant in
a depth range to 9 km, below which it increases with depth,
in the suprahydrostatic pore pressure regime, while it can be
regarded as constant in a depth range to 11 km, below which
it increases with depth, in the hydrostatic pore pressure
regime. The increase in 1/c, with depth is ascribed to the
effect of temperature. This is confirmed in Figure 16, which
shows a plot of 1/c, (= DZ/D,) against temperature for the
data shown in Figure 15. Figure 16 also confirms that 1/c, at
temperatures above 300°C is more sensitively affected in
the suprahydrostatic pore pressure regime than in the
hydrostatic pore pressure regime. This fact indicates that
the effect of water is more enhanced at temperatures higher
than 300°C. Whether or not K and m depend on temperature
(or the corresponding crustal depth) above 300°C is beyond
the scope of the present paper, and will be left for a future
study.

6. Conclusions

[490] The earthquake rupture process at shallow crustal
depths is not a simple one of frictional slip failure on a
precut weak fault, but a more complex process including the
fracture of initially intact rock on an inhomogeneous fault.
The constitutive law for earthquake ruptures must therefore
be formulated as a unifying law that governs not only
frictional slip failure at precut interface (or frictional con-
tact) areas on faults but also shear fracture of intact rock at
local strong areas on the faults. This leads to the conclusion
that the governing law should be formulated as a slip-
dependent constitutive law. In the framework of slip-
dependent constitutive formulation, we have investigated
by taking a numerical approach, how dimensionless consti-
tutive law parameters S, 4, and B at strong areas called

“asperities” on faults are affected by the seismogenic,
crustal conditions of the effective normal stress, pore
pressure and temperature, and thereby estimated how these
parameters vary with depth, using experimental data [Kato
et al., 2003a] obtained at crustal conditions simulated in the
laboratory. It has been found that S gradually decreases with
crustal depth and that it is greater in the suprahydrostatic
pore pressure regime than in the hydrostatic pore pressure
regime, due to an increase in the effective normal stress with
depth. It has also been found that 4 decreases with depth,
while B slightly increases with depth, in both the hydrostatic
and suprahydrostatic pore pressure regimes. The changes in
A and B with depth are ascribed to an increase in the
effective normal stress with depth, and these changes in 4
and B with depth in the hydrostatic pore pressure regime
clearly differ from those in the suprahydrostatic pore pres-
sure regime. Though D, and DS are scale-dependent, the
ratio DE/D, is neither scale-dependent nor dependent on
ambient conditions such as the effective normal stress, pore
pressure, and temperature, and it does not vary with depth
and has a universal, constant value of roughly 5, in a depth
range to roughly 10 km (brittle regime). At greater depths,
DD, increases with depth due to the effect of temperature
on D and its increase is greater in the suprahydrostatic
pore pressure regime than in the hydrostatic pore pressure
regime. Reflecting these changes in S, 4, and B with depth,
the constitutive behavior including the slip-weakening
phase distinctively varies with depth, and this behavior in
the suprahydrostatic pore pressure regime clearly differs
from that in the hydrostatic pore pressure regime. These
results are suited for implementation in a numerical code,
and they will be easily assimilated into numerical models
of earthquake ruptures for realistic computer simulation.
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