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ABSTRACT

Based on the 1-D dynamical lattice model proposed by R. Burridge and L. Knopoff in their 1967’s
paper, with velocity-dependent friction and a uniform or an inhomogeneous distribution of the breaking
strengths (i.e., static friction strength), the Gutenberg-Richter-type frequency-magnitude (FM) relation has
been studied by numerous authors. In this work, the publications on the effects on the FM relation and
its scaling exponent, i.e., thevalue, of earthquakes due to model parameters are reviewed. The main
model parameters include the decreasing matef the dynamic frictional force with sliding velocity, the
degree of heterogeneity of the distribution of the breaking strengths, the stiffness, dgfined as the
ratio of the stiffness of the coil spring between two mass elements to that of the leaf spring between a
mass element and the moving plate, the friction drop rati@f the minimum dynamic frictional force
to the breaking strength and the maximum breaking strefgthhx. Some authors have used a fractal
distribution of the breaking strengths. The fractal dimension is used to define such a distribution.

The main simulation results show that three kinds of model events are generated. They are
microscopic, localized, and de-localized events. Localized events exhibit the Gutenberg-Richter-type FM
relation, but this is not the case for the other two kinds of events. The range of magnitudes of localized
events depends upon the stiffness ratioThe FM relation and thb-value are remarkably affected by
the type of friction law, the weakening ratethe friction drop ratiog, and the maximum breaking strength,
Fomax but not by the fractal dimensiob, of the distribution of the breaking strengths. Thealue of
the cumulative frequency-magnitude relation is less than that of the discrete frequency-magnitude relation.
There exists a power-law relation betweeands: b~s %2 for the cumulative frequency-magnitude relation
and b~s™2 for the discrete frequency-magnitude relation. Such a power-law relation does not depend
uponr, g, and Fomax

Key Words: the Gutenberg-Richter frequency-magnitude relation bthralue, the 1-D dynamical lattice
model, friction, frictional strength, fractal dimension

I. Introduction used, but it generally ranges from 0.8 to 1.2. Bhe
value is correlated to geotectonics (e.g., Miyamura,
Gutenberg and Richter (1944) reported a fre1962; Wang, 1988; Tsapanos, 1990), and its variation
guency-magnitude (FM) relation of earthquakes in thdefore and after a large earthquake has been considered
form: logN=a-bM. In this relationM is the earthquake to be an earthquake precursor (e.g., Smith, 1986; Chen
magnitude, andN is the discrete or cumulative fre- et al, 1990).
guency of the events with magnituagés. The seismic To understand the physics of the scaling of earth-
energy,E, released during an earthquake is related tquakes, it is essential to study the faulting process of
M in the form: logg~d-M. The value ofd is 1 and earthquakes, which is very complicated and cannot be
3/2 for small and large earthquakes, respectivelgompletely solved using a simple model. Several factors
(Ekstrom and Dziewonski, 1988). Hence, there is anust be taken into account for modeling. A minimal
power-law function betweei andE in the form: set of ingredients includes plate tectonics, brittle-duc-
N~E®, whereB=b/d. Theb-value varies from region tile fracture rheology, the stress distribution after frac-
to region and is also dependent upon the period of timire, the geometry of faults, the friction law, and the
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healing process from dynamic friction to static friction —V

after a fault stops moving.
Earlier studies on the physical process associate L L L
K K
m

with theb-value were based on laboratory work on rock )

fractures. Mogi (1967) reported the effect of the degre

of heterogeneity of the media on thevalue. Scholz N\N\H NN\ m FNN\-

(1968) correlated the increase in thalue with the

decrease in the ambient stress level. Recently, fromg. 1. One-dimensional mass-spring model to simulate earthquake

the fragmentation of materials (Turcotte, 1986a) and sequences.

the fractal distribution of the strain and stress of the

crustal deformation (Turcotte, 1986b), Turcotte stud-

ied the causes of the magnitude-frequency relatiorbeing pulled through a leaf spring of strength,by

King (1983) considered the geometrical origin of thea moving plate with a constant velocity, This system

b-value based on self-similar fault systems. is illustrated schematically iRig. 1. Initially, all mass
Burridge and Knopoff (1967) proposed a dynami-elements rest in an equilibrium state, and the spacing

cal lattice model (abbreviated as the BK model herebetween two mass elements &.' Each mass element

after) to approach fault dynamics. This model has sincis located at positionu,, measured from its initial

been applied to dynamically simulate the FM relationequilibrium position, along the x-axis, which is in the

of earthquakes (Otsuka, 1972; Yamashita, 1976; Rundirection of motion. Furthermore, each mass element

and Jackson, 1977; Cao and Aki, 1984/85, 1986; Carlsds subjected to a state-dependent frictional fofEg,

and Langer, 1989; Carlson, 1991a, 1991b; Carlsion The equation of motion at threth mass element of the

al., 1991; Knopoffet al, 1992; Schmittbuhkt al,  system is in the form:

1996; Shaw, 1995; Shaet al, 1992; Wang, 1991, 1994

1995, 1996, 1997). Before 1989, the number of mass  m(d?u,/dt®)=K(Up+1—2Un+Un-1)-L(U~VD)-F,. (1)

elements used was usually small; thus, the simulated

FM distribution was not good enough. Since 1989, th®bviously, the spacing' is not an explicit parameter

number of mass elements used has largely increaseid;Eq. (1). By comparing the BK equation with a finite-

thus, the simulated FM distribution is well-defined. difference equation, which is an approximation of a 2-
Bak et al. (1987,1988) suggested a sandpile (celD plain strain type wave equation in the neighborhood

lular automaton-type) model for the interpretation ofof a fault surface, Yamashita (1976) relatédo two

the power-law phenomena. This model shows thef Lame’s constantsA(and i) and the ratio of the S-

important property of self-organized criticality (SOC): wave velocity,3, and P-wave velocityq, of the ma-

from any initial state, the system evolves to a criticaterial, i.e.,K=[2(A+u)(B/a)?](dz/dy), andL to the ri-

state characterized by a power-law distribution ofgidity of the material, i.e.l.=u(dy/dz). Since the two

activities. On the basis of the concept of SOC, a modejuantities, i.e.dy and dz, are the spacing units along

mathematically equivalent to the lattice model in theand perpendicular to the axis of the model, respec-

limit of zero-mass of the blocks has also been widelyively, both dz/dy and dy/dz are dimensionless quan-

used by numerous authors in studying the FM relatiortities. When the spacings along the two axes are equal,

In addition, the statistical physics models, includingthe two parameters are 1; thu§,andL are directly

the percolation theory, and numerical simulations baseassociated with the physical parameters of the material.

on a 3-D quasi-static elastic model have also been uséthe real data show that thévalue is very small, on

to simulate the FM relation. However, these topics wilthe order of 10 units. In practical computations, in

not be discussed in this work. order to reduce computational time in generating a
In this article, the previously mentioned publica-large number of events, a larger valuev/dt generally

tions on the scaling of the FM relation of earthquakesised.

based on the 1-D BK dynamical lattice model are The boundary conditions at the ends of the model

K

reviewed. will affect the computational results. Christensen and
Olami (1992a) stated that the scaling exponent depends
1. Theory on the boundary condition. However, their result points

to a decrease in the difference in the scaling exponents

The 1-D BK model consists of a chainldfmass for free and open boundary conditions as the parameter

elements of equal mas®, and springs with each mass s/(4s+1) increases. This means that the effect of the

element being linked by two coil springs of strengthboundary condition on the scaling exponent can be
K, with two other neighbors and each mass element alsgnored when the value afis large. However, in most

-170-



Studies of the FM Relation of Earthquakes

studies, a periodic boundary condition has been applied

at the two end mass elements in solving Eq. (1). +F
The equation of motion essentially consists of two °

processes. The first of these is the coupling between F

the moving plate and the mass elements through the +oF |

leaf springL. The other process is the generation of
“self-stress”, as it was called by Andrews (1978), which
originates from the joint effect of the coil sprikg . n
between two mass elements and the leaf sprin@he N v
coil springK plays a role only in transferring energy + .
from one mass element to another; thus, it does not l VelOClty
change the total energy in the system. However, the
springL plays two roles: one is to provide energy to
the system from the driving force caused by the moving
plate, i.e., thd.Vt term in Eqg. (1), while the other is
to take energy from the system. This indicates that the
spring,L, can change the total energy of the system.
Therefore, the stiffness rat®(=K/L) is a significant "'9- 2-A linearly velocity-dependent friction lawo=the breaking

. . strength;v.=the critical velocity; andg=the friction drop
parameter representing the level of conservation of ratio.
energy in the system.

Friction is a very complicated physical process

and has been studied for a long time. Dieterich (1972eismicity simulations. Such a friction law (as shown
first stressed the time-dependence of a frictional conn Fig. 2) takes the form:
stant. Ruina (1983) proposed a state-dependent func-

tion to describe friction. From laboratory experiments, F(V)=Fo-rv  (v<vy), (2a)
Dieterich (1979) and Shimamoto (1986) reported that
the dynamic friction is velocity-dependent. Essen- =gFo+W (V>Ve), (2b)

tially, the velocity-dependent friction law includes two

processes: the velocity-weakening process when thgherev (=du/dt) is the velocity. As shown in Fig. 2,
sliding velocity is smaller than a critical velocity,, Eq. (2) is defined only fov>0; in other words, when
and the velocity-hardening process when the slidinghe sliding velocity is smaller than zero, the frictional
velocity is greater thaw.,. Burridge and Knopoff force is a negative infinity. This means that no back-
(1967) first considered a velocity-dependent, weakenward motion is allowed. In Eqgs. (2a) and (2F),
ing-hardening friction law for dynamic simulation of denotes the breaking strength or static friction strength.
earthquakes. A displacement hardening-softening frickhe decreasing rate, and increasing rate; of the

tion law for seismicity simulations was used by Caodynamic frictional force with sliding velocity are the
and Aki (1984/85) in seismicity simulations. Cao andiwo parameters of the model. Whesv,, the dynamic

Aki (1986) used a rate- and velocity-dependent frictiorfrictional force reaches the minimum valwg,, where

law for the same purpose and stated that the two frictiog is the friction drop ratio and is also a significant
laws used by them have different effects on simulatioparameter of the model. lIts value is positive yet smaller
results. Rice and Tse (1986) considered a rate- arnttan 1. A smalleg value produces a larger force drop,
state-dependent friction law to control the dynamichus resulting in a larger event. Hence, in some sense,
motion of the mass element of a single degree of freedothe drop in the frictional force fromi, to gF, behaves
system. Some authors (Carlson, 1991a, 1991b; Carlsdike a source supplying additional energy to the mass
and Langer, 1989; Carlsoet al, 1991; Shaw, 1994, element for sliding. This friction law was used by
1995; Shawet al, 1992; Schmittbuhkt al, 1996) Knopoff et al. (1992) and Wang (1991, 1994, 1995,
considered a velocity-weakening friction law in the1996, 1997).

form of (1+v)™!, wherev is the sliding velocity of a mass In the modeling by Carlson and her co-workers,
element, to control the sliding of the mass element anthe distribution of the breaking strengths is almost
its variants. The generalized velocity- and state-deuniform; thus, the de-localized events, for which all
pendent friction law is rather complicated (Horowitz, mass elements of the model are in an unstable state,
1988). For the first-order approximation, Wang andcan easily be generated. Nussbaum and Ruina (1987)
Knopoff (1991) considered a piece-wise, linear velocclaimed that the homogeneous fault stress is generally
ity-dependent weakening-hardening friction law forunstable. Nevertheless, it is known that the fault zones
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where earthquakes occur are usually quite complicatec
and that a large earthquake does not occur so often |
a fault zone. Seismological and geological observa
tions show that the mechanical properties and geometr
of a fault zone are heterogeneous. From laborator
experiments, Mogi (1963) addressed the importance @
the inhomogeneity of the material of the fault plane
for seismicity and itd-value. But, in contrast, based ¢
on laboratory results, Scholz (1968) stressed that th
state of stress, rather than the heterogeneity of th
material, plays the most important role in determining d
the b-value. The breaking strength is the main me-
chanical parameter reflecting the state of stress ove
the fault zone for the occurrence of a rupture and i ° : : —
one of the most important properties certain to influ- TIME (in 107 units)
ence seismicity and its scaling. Das and Aki (1977
and Aki (1979) defined a barrier model and Kanamor
and Stewart (1978) defined an asperity model to de-
scribe such an inhomogeneous distribution of the break-
ing strengths over the fault zone for earthquake occucomputational level needed to produce a finite discrete
rence. Based on a single rider model, Nur (1978jractal structure.
studied the effect of displacement-dependent or posi- From a velocity-dependent friction law, Carlson
tion-dependent friction on a rupture. Althoughet al. (1991) related the magnitude range with a power-
Archambeau (1978) argued against using Nur’'s overtaw function to a parameter so as to specify the de-
simplified single rider model to study the complexity creasing rate of friction strength with sliding velocity
of earthquakes, Nur’s results nevertheless reveal thend the stiffness ratio. The action of the leaf spring
influence of the inhomogeneity of the breaking strength$orce between a mass element and the moving plate and
over the fault plane on the propagation of a rupturefriction produces a composite effect, which is actually
He related the rupture velocity to the gradient of thea dissipation effect, on the earthquake rupture. In
breaking strengths. accordance with the BK model together with the above-
An inhomogeneous distribution of the breakingmentioned stepwise linear friction law, i.e., Eq. (2),
strengths was used by Yamashita (1976), Rundle antfang (1996) defined three types of rupture for veloc-
Jackson (1977) and Cao and Aki (1984/85, 1986) iity-weakening friction: subsonic-type friction when
seismicity simulations. In practice, different distribu-r>2(Lm)?, sonic-type friction when=2(Lm)*?, and
tion functions can be selected to describe thaupersonic-type friction when<2(Lm)Y2
inhomogeneity of the distribution of the breaking For a certain mass element, when the sum of the
strengths. Field survey results (Scholz and Avilesdriving force due to the moving plate and spring forces
1986; Avileset al, 1987; Okubo and Aki, 1987) and from its neighbors exceeds the breaking strength, it is
laboratory observations (Brown and Scholz, 1985) havaccelerated and starts to slide. After a while, the
suggested that the geophysical and geometrical profncrease in either the spring force due to the change
erties over the faults have, in general, a fractal distriin the relative positions of the mass element and its
bution. Fractal properties are commonly found in naturaheighbors or in the dynamic frictional force with slid-
phenomena (Mandelbrot, 1982; Turcotte, 1989, 1992)ng velocity decelerates the motion. Finally, the mass
A parameter describing fractal geometry is called &lement stops and sticks, and this results in a drop in
fractal dimensionD, as defined by Mandelbrot (1982). the total force. However, the moving plate, which
Wang (1991) and Wang and Knopoff (1991) first usedalways loads the mass element, increases the total force
a fractal function to describe the distribution of theon the mass element enough to reach the breaking
breaking strengths. Since a fractal is a nonlinear phetrength, and then to push it to slide again.
nomenon, the use of a fractal distribution of the break-  The displacement of a mass element is measured
ing strengths makes their model a nonlinear one. Theyom its new equilibrium position to the one where it
used the Midpoint Displacement Method developed byticks after sliding. Since several mass elements might
Saupe (1988) to obtain a fractal distribution. Thisslide almost simultaneously within a certain time span;
method can only produce discrete fractals Wtpoints, the sum of the displacements of the related mass el-
whereN is 2***+1, and the parameter ‘level’ is the ements in such a time span provides a time history of

ig. 3. The space-time patterns of events: (a)$o10, (b) fors=50,
(c) fors=70 and (d) fors=110. [Reprinted from Wang (1995)]
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the displacements. Such a time history is consideregeak in the plot of frequency versus magnitude and the
to be an event. An example showing the space-tim&R-type FM relation does not exist. In addition, Carlson
patterns (abbreviated as the ST patterns) of events fand her co-workers addressed the notion that the size
four values ofs, i.e., 5, 40, 80, and 120, are displayedof the largest event is associated with the length of the
in Fig. 3. The line segment linking up the slid massfault. Carlson and Langer (1989) and Carlsiral.
elements represents an event. The longer line segmgd91) stated that the range of magnitudes of localized
consists of a larger number of mass elements anelvents is essentially influenced by several factors. These
represents a bigger event. Since the seismic energigctors include the speed of the moving plate, the
E,, is proportional to the maximum slig,., and the stiffness ratio (denoted d$in their papers), and the
related force drophf, i.e., E&=Afeunay the logarithmic  amount of the initial change in the frictional force from
value of the sum of the seismic energy of the masa static to a dynamic one. The first factor indicates
elements for one event is taken to be the magnitudéhe loading rate from the moving plate to the system
M, of the event, i.e.M=log(XEs). Hence, this mag- and is the major source of energy supply. The second
nitude is an energy-based magnitude scale rather théactor reflects the dissipation of energy through the
the commonly used magnitude scale based on the pea&upling between the fault and the moving plate. The
amplitude of the seismogram. Wang used this maghird factor also represents the change of energy due
nitude in his studies. The magnitude used by Carlsoto friction. Of course, friction is also responsible for
and her co-workers was based on the seismic momerihe loss of energy. Therefore, the dissipation of energy
which is the sum of the displacements of all the masi either of the two ways does influence the FM re-
elements of an event, i.dj=log(ZAu;), and which is lation. Shawet al (1992) also obtained similar results.
different from the above-mentioned one. Thus, for the Based on the 1-D dynamical model with a spa-
energy-based magnitude, the scaling exponent af logtially inhomogeneous distribution of the breaking
versusM must be similar to B’ in the relation: strengths and a dissipation mechanism due to seismic-
N~E® as mentioned previously and different from bothwave radiation, Knopofét al. (1992) stated that a self-

‘b’ in the Gutenberg-Richter’'s FM relation anll in organizing, spatially localized sequence of seismic
the relation used by Carlson and her co-authors. Bugvents would be constrained by spatial fluctuations.
for simplicity, the notationt’ will hereafter be used They also stated that the GR-type FM relation is a
to express the scaling exponent of the current relatiocorrelate of the geometry of localization. Schmittbuhl

of logN versusM. et al (1996) stressed that two distinct regimes in the
statistical distribution of event sizes and magnitudes
I1l. The Effects on the Magnitude- are separated by a characteristic siZzewhich depends
Frequency Relation due to Model on the elastic stiffness and the dissipation ratio. A
Parameters characteristic length,, related to.", controls a cross-

over between two different dynamical regimes. For

Burridge and Knopoff (1967) first studied the events of size smaller thaly, the system exhibits
frequency-magnitude problem based on the BK modekcaling laws.
They stated that the system exhibits the Gutenberg-  Aki (1982) postulated a positive relation between
Richter-type (GR-type) FM relation, and that the scalthe b-value and the fractal dimensioB, in the form
ing exponent (i.e., the paramet@rmentioned previ- D=3b/c, wherec is the slope of the log moment versus
ously) of the frequency-energy relation is about 1the magnitude relation, andis about 1.5. The theo-
Rundle and Jackson (1977) showed that the lineaetical relation between the two parameter®+®/3
behavior of the FM relation is not an immutable lawaccording to Turcotte (1986a) abdD/2 according to
but rather is dependent on the mechanical propertiekurcotte (1986b) based on different models. However,
of the fault. Hirata (1989) and Wang and Lee (1996) reported a

From analytic and numerical computations,negative correlation between the two parameters for
Carlson and Langer (1989) divided the simulation eventsarthquakes in Japan and Taiwan, respectively. Hirata
into three types: microscopic, localized, and de-local{1989) discussed this problem in detail. He concluded
ized events. Only the distribution of frequency versushat the fractal dimension of the geometry of fault
magnitude of localized events follows a power-lawplanes used by Aki is a special case of the capacity
function. The number of microscopic events is remarkdimension of either an asperity or a barrier distribution
ably reduced with decreasing magnitude while then which all asperities or barriers are connected to each
distribution of frequency versus magnitude for suchother without isolation, and where the dimension can
events does not follow a GR-type FM function. In thebe regarded as the fractal dimension of the surface of
regime of de-localized events, there is a pronouncethe fault plane. Yet, this is not necessarily true for the
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4 by Wang (1991) concerns the distribution of the break-
ing strengths of the fault while tH2 used by the other
authors is related to the geometry of the faults.
Carlson and Langer (1989) and Wang (1996)
studied the effect on the FM relation due to the variation
of the dynamic friction strength. Carlson and Langer
(1989) reported that the-value is affected by a pa-
rametera, which is the ratio of the largest characteristic
slipping speed to the speed at which the friction strength
is appreciably reduced. Thoevalue first increases with
o and then becomes a constant wheis larger than
a certain value. Wang (1995) studied the effects on
| | the FM relation due to the change in the value of the
Gbﬁ'—s friction drop ratio,g, and the maximum value of the

1
MQg nitud breaking strengthF,max (Fig. 5. Results show that
the b-value is larger folg=0.6 (a large friction drop)

=3

Fig. 4. The plots of lo§ versusM for two values of fractal dimen- {han forg=0.8 (a small friction drop), and that the

sion,D: ‘0" for D=I.1, and ‘+’ for D=I.5. [Reprinted from

Wang (1991)] value does not depend upon the maximum breaking

strength. Wang (1996) stated that the weakening rate
of the dynamic frictional force with sliding velocity,
i.e.,rin Eq. (2), remarkably affects the FM relation.
For large events, the motion of a mass element is
controlled by both weakening and hardening friction,
Ny but for small and intermediate-size events, the motion
of a mass element is controlled mainly by velocity-
weakening friction. Wang (1996) also showed that the
b-value decreases with increasindgFig. 6). Theb-
values are different for the above-mentioned three types
of friction. The largestb-value is associated with
supersonic friction, the intermediate one with sonic
friction and the smallest one with subsonic friction. In
addition, he also stressed that largis more capable

3 of localizing the events and prohibiting the generation
Magnitude
Fig. 5. The plots of lo§\ versusM: (1) ‘0O’ for s=100 andr=1 and 4 T
‘A’ for s=50 andr=1 wheng=0.8 andFyna=5 units; (2)
‘0’for s=100 andr=c0 and ‘+’ for s=50 andr=c wheng=0.6

and Foma=5 units; and (3) #’ for s=100 andr=e and %’ -
for s=50 andr=c0 when g=0.8 ané,m,=10 units. [Reprinted
from Wang (1995)]

Z

o> 2
o
observed seismicity produced from various fault planes‘—I
Wang (1991) studied the correlation between bhe =
value and the fractal dimension of the distribution of
the breaking strengths from synthetic seismicity basec
on the 1-D BK model. From simulation resultsd. —3 0
4), he concluded that thk-value is not noticeably .
dependent upon the value. Wang’s simulation result MognltUde
is different from both the theoretical postulation madeFi 6. The plots of log versusM for five values of whens=50:
by Aki (1982) and Turcotte (1986a, 1986b) and obser- & N foF; r=1, % for r=2, ‘0’ for r=3, "' for r=50, and O’
vations (Hirata, 1989; Wang and Lee, 1996). A pos- for r=w. Included is the plot (in ‘+’) for=c ands=100.
sible reason for the difference might be thatEhesed [Reprinted from Wang (1996)]

- 174-



Studies of the FM Relation of Earthquakes

of de-localized events than small Schmittbuhlet al 4
(1996) stated that for friction laws allowing local
reversal backslipping, the FM distribution does no 3

exhibit a GR-type FM distribution. On the other hand
when backslipping is precluded, a GR-type distributiol
is observed. In addition, Shaw (1995) stressed that sli
weakening friction also produces slip complexity, thus ©TD
leading to FM scaling. O 1
When a mass element stops moving after sliding—I
the healing of the dynamic friction strength to static 0
friction strength, including the type and delay time of
healing, will influence the next rupture. In other words
the consequence of non-instantaneous healing must __L _" _' A e +
3 2 1 0 1 2 3 4
significant for seismicity (Rundle and Jackson, 1977) .
In fact, Cao and Aki (1986) stated that non-instanta MOgnltUde
neous healing Iengthgns the_time needed fgr a fault S”FRg. 7. The plots of log! versusM for three values of=h/LV: ‘+
to stop, reduces the interaction between different fault for n=co, ‘0" for n=10%, ‘*' for n=10, and 0O for n=1.
segments and, finally, counteracts the smoothing ef- [Reprinted from Wang (1997)]
fect. Other than this, the effects of such a non-instan-
taneous healing process was not included in other papers.
Wang (1997) studied the effect of the frictional healinget al., 1985; Stuart, 1986, 1988), they did not study
process from dynamic friction to static friction. Hein depth the effect of the variation K on the earth-
defined a ratidv/LV, whereh is the frictional healing quake rupture. In numerous studies using the cellular
rate from dynamic friction to static friction and/ is  automaton iteration, thes/alue was designated to be
the tectonic loading rate. The plots of MgersusM zero, i.e.,L=0, (cf. Ito, 1992) or a very small value
for three values of/LV, i.e.,», 1(%, 10, and 1, are (Brown et al., 1991). In those studies, the effect due
shown inFig. 7. His results show that whdWLV>1, to the coupling between a mass element and the moving
the FM distributions of model events exhibit a GR-typeplate was mostly ignored. In this kind of modeling, the
scaling, and the relatdgivalue is relatively insensitive system can self-organize itself very easily, and it shows
to h/LV. Whenh/LV=1, the pattern of the FM distri- SOC. However, in some other studies, the effect of
bution and the relateth-value change somewhat. the variation of the stiffness ratio on the FM relation
However, the ratio is only a minor factor in terms ofwas included. Based on a simulation for a two degree-
its effect on the FM relation. of-freedom earthquake model, Nussbaum and Ruina
For a slip weakening, single-degree-of-freedom(1987) addressed the importance of the stiffness ratio
spring-slider model, the stiffned¢ of the spring is (called the coupling ratio in their paper) on the slip
considered to be the most important parameter contropattern.
ling the instability of the model (see Rice (1979) and From analytic computations, Carlson and her co-
Li (1987)). For such a model, sm&l (less than a authors stated that the difference between the upper
critical value) rather than largécan produce an unstable and lower bound magnitudes of the magnitude range,
rupture. Based on a simple two-dimensional anti-plangithin which the power law holds, is proportional to
strain softening model, Stuart (1981) considered th&g(s*®). Simulation results obtained by Carlson (199la)
ratio Ki/Ks, whereK; andK; are the stiffnesses of the showed that thé-values for three values sf i.e., 36,
fault zone and the elastic surroundings, to be a signifie4, and 144, are mostly around -1.0 and independent
cant indicator of earthquake instability. He stated thadfs. For the 2-D BK model, using the cellular automa-
instability occurs when the ratio reaches unity. Stuarton iteration, Huanget al. (1992) also obtained an
(1986) redefineK/K; as the stiffness ratio to indicate almost constanb-value of about 1.36 for five values
the instability of the system. Obviously, this parametenf s, i.e., 10, 15, 20, 30, and 40. Nakanishi (1990)
is just the ratio between the stiffnesses of the fault zonealculated the distribution of frequency versus magni-
and the elastic surroundings and cannot directly displayude for four values df, i.e., 2.00, 2.83, 4.50 and 9.50,
the coupling between them unless a constitution lawsing the cellular automaton iteration. Although he did
is given to describe the correlation between the faultot calculate the actual value bf his results still
and the elastic surroundings. Although the stiffnesshowed an increase in thevalue withs. Based on
K was considered in a series of works by Stuart anthe results of cellular-automaton modeling for the
his co-authors (e.g., Stuart and Mavko, 1979; Stualitotropic 2-D models, Christensen and Olami (1992a,
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1992b) stated that the scaling exponent decreas 0.5
continuously as a function &f(4s+1). Although this o
parameter does not change very much whers tredue
is large, it does decrease with increasinglence, three
different relations between thevalue and the stiffness 8
ratio exist. Q O 0
According to the friction law described by Eq. (2), © OF Jox -
with a fractal distribution of breaking strengths, Wangg
(1994,1995) integrated Eq. (1) numerically for the
models for various values «f from 5 to 130 when fe)
D=1.5, level=7 F,=5 units,r=c0, y=1, m=l unit andL=l

unit. When level=7, the model consists of 129 mas -05 ,
elements. It is evident from Fig. 3 that different value 0.5 0 2.5
of s produce different ST patterns. For smal(for |og S

instance 10), the number of slid mass elements of w..
?Vent is generally small; in contrast, f.or larg for . Fig. 9. Plot of b versuss in the logarithmic scale. The circles
instance 110), many. Igrg_er events with longer line represent thé value in the cumulative frequency-magnitude
segments appear. This indicates that for Iargelarger relation for the models with a friction law withFe. The
number of mass elements can be driven to an unstable  slope value of the solid line (8<120) is about-2/3. For
state during a time span, thus leading to a bigger event. s=50 and 100, the triangles show the data point for the model
In the four cases, the number of events in the range w?th r=1; the diamond denotes the data poir_]t for the model

. . . . with g=0.6; the cross represents the data point for the model
with §trong breaklng.strengths is eV|.dentIy smaller than With Fomae10 Units. [Reprinted from Wang (1995)]
that in the range with weak breaking strengths.

The plots of frequency versus magnitude for six
values ofs, i.e., 10, 30, 50, 70, 90, and 110, are showtincreasings. Of course, the difference between any
in Fig. 8 (Wang, 1995). The data points fex10, and two logN values for a certain value ® is small. In
also fors<10, cannot be described completely by onlycontrast, whem>M, the value of loly increases with
using a single regression line in a predominant mags. Nevertheless, the plots of INgyersusM for the cases
nitude range. It seems appropriate to interpret the datgith values ofsin the range of 30 to 100 are somewhat
points using two regression lines or a curve. It carlose to each other. Results indicate that the change
be seen from Fig. 8 that the data point relateMt® of s causes opposite effects on the ruptures for large
(denoted ad#.) is almost the intersecting point of all and small events. Smalrepresents a weaker coupling
FM distributions with different values of. When between mass elements and can only make a smaller
M<Mg, the lodN value, to some extent, decreases withhumber of mass elements slide, thus leading to a larger
number of smaller events and a smaller number of
bigger events. On the other hand, lagj@dicates a
stronger coupling between mass elements and can cause
a larger number of mass elements to slide almost si-
multaneously, thus resulting in a larger number of
1 bigger events and a smaller number of smaller events.
Unlike the results presented by Carlson and Langer

(1989), in the regime of large events in Wang (1995,
7 1996), not only is there an absence of any de-localized
event, but the number of large events also decreases
with M. Meanwhile, the regime of microscopic events
in Wang (1995, 1996) is not so significant as that given
by Carlson and Langer (1989). Nonetheless, in the
regime of events with medium magnitude, which is

0 !
-3 o *m_:_', between the microscopic and de-localized regimes, the
. data points of loN versusM are distributed very closely
MOgnltUde around a line. Figure 8 shows that the lower bound

Fig. 8. The plots of logy versusM for six values ofs. ‘+' for s= of the magnitude range |s_almost Cons_tant Wherea_s the
110, ‘0" for s=90, ' for s=70, ‘0’ for s=50, ‘A’ for s=30,  Upper bound of the magnitude range increases with
and %’ for s=10. [Reprinted from Wang (1995)] This increase in the upper bound magnitude leads to
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0.5 Y correlation ofb ands is quite different from those given
by Nakanishi (1990), Carlson and Langer (1989) and
o o Carlsonet al. (1991) for 1-D models. But it is con-
sistent with that given by Christensen and Olami (1992a,
© X 1992b) and Olamet al. (1992) for the 2-D models

o & through cellular automaton iteration. Of course, the
decreasing function db versuss in Christensen and
Olami (1992a, 1992b) and Olarat al. (1992) is not
the same as that in Wang (1994, 1995).

There is a lack of observed information capable
of directly demonstrating the effect of the stiffness ratio
5L . on the FM relation. Nevertheless, Wang (1995) stressed

0.5 0 2.5 that some significant information can still be implied.
|og S The great and apparently systematic variation in the
size of large interplate earthquakes in subduction zones
Fig. 10. Plot of b versuss in the logarithmic scale. The circles (Kanamori, 1971) of the extensional type, such as the
reprgsent thé value in thg discr_ett_e frequen_cy-magnitude Marianas arc, to the highly compressional type, such
relation for the models with a friction law witlro. The . .
slope value of the solid line (26<120) is about1/2. For a; the Chilean arc (Uy?da and Kanamori, 1979), reflect
s=50 and 100, the triangles show the data point for thedifferent degrees of stiffness of the fault zone and the
model withr=1; the diamond denotes the data point for coupling between a subduction plate and a fault zone
the model withg=0.6; the cross represents the data pointhetween the continental and oceanic plates. Ruff and
for the model withFomq,=10 units. [Reprinted from Wang - kanamori (1980) defined a parameter as a seismic
(1995)] : . SRR S
coupling coefficient to distinguish arcs. The seismic
coupling coefficient ranges from essentially nil in the
a larger magnitude range with a power-law functionMariana arc to nearly one in the Chilean arc. They

Wang (1994, 1995) also explored the possibleassumed that variations in seismic coupling among arcs
correlation between thb-value and stiffness ratis.  are due to variations in the mean normal stress that acts
The plots ofb versuss are shown inFig. 9 in the across the subduction-zone plate interface. They also
cumulative frequency-magnitude relation andFig.  stated that the mean normal stress is proportional to
10in the discrete frequency-magnitude relation. Wanghe force across the interface. Jarrard (1986) related
(1995) stressed that from simulation events tvalue  seismic coupling to more parameters, but he found the
of the cumulative frequency-magnitude relation is lesstrongest to be that found by Ruff and Kanamori (1980).
than that of the discrete frequency-magnitude relatiorAstiz et al. (1988) also addressed the importance of
This is similar to the result mentioned by Main (1992)the coupling between two plates on intraplate earth-
based on observed results. For both plots, the datuakes. Inthe BK model, the force across the interface
points fors>20 are distributed around a line very well,is represented by a leaf spring. Hence, the spring
and that those wits<20 depart from the linear trend. constantsK andL are two major parameters which
The regression line for the data points §&20 has a display the seismic coupling of the model; therefore,
slope value of about2/3 as shown in Fig. 9 and the stiffness ratioscK/L) must be a significant param-
-1/2 as shown in Fig. 10. The related regression linester influencing the FM relation. However, it is noted
are individually plotted in Figs. 9 and 10, with a solidthat this definition of the stiffness ratio is different from
line. Obviously, there is a power-law correlationthe one given by Stuart (1986).
betweenb ands: b~s?? for the cumulative frequency-
magnitude relation ant»~s*? for the discrete fre- |V. Summary
guency-maghnitude relation. Included also in Figs. 9 and
10 are the triangles showing the data points for the case Studies on thé-value of Gutenberg-Richter-type
with r=1 and the diamonds denoting the data points fofrequency-magnitude or frequency-energy relation and
the case witly=0.6 whens=50 and 100. Although these the effects on thd-value due to model parameters
data points are above the data points in the models withased on the one-dimensional dynamic Burridge-
r=o, they are still distributed in a linear trend some-Knopoff model (Burridge and Knopoff, 1967) have
what parallel to the solid line. This seems to suggedieen reviewed. The frequency-magnitude relation as
that for the friction laws with different values nfand  well as its scaling exponent, i.e., thevalue, is ob-

0, theb-values at a certain value sfare different, but viously affected by the weakening rate of the dynamic
the relations ofo versuss are almost similar. This frictional force along with the sliding velocity, the

log b
Qo

-0
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friction drop ratio and the stiffness ratio of the model.Carlson, J. M. (1991b) Two-dimensional model of a falrhys.
However, the fractal dimension of the distribution of  Rev- A 44, 6226-6232.

. . S e arlson, J. M. and J. S. Langer (1989) Mechanical model of an
the breaking strengths is not a significant paramete? earthquake fault.Phys. Rev. A40, 6470-6484.

affecting theb-value. Theb-value of the cumulative cason, 3. M., 3. S. Langer, B. E. Shaw, and C. Tang (1991) Intrinsic
frequency-magnitude relation is less than that of properties of a Burridge-Knopoff model of an earthquake fault.
the discrete frequency-magnitude relation. When Phys. Rev. A44, 884-897.

20<s<120, the relation between thevalue and the Chen. K. C., J. H. Wang, and Y. L. Yeh (1990) Premonitory

. . . . . phenomena of the May 10, 1983 Taipingshan, Taiwan earth-
stiffness ratios, is quite robust. However, the scaling quake. Terr. Atmo. Ocea. Sgil, 1-21.

exponents of the relations between the two parametefs istensen, K. and z. Olami (1992a) Scaling, phase transitions,

for the cumulative frequency and the discrete frequency and non-universality in a self-organized critical cellular-automa-

are different. ton model. Phys. Rev. A46, 1829-1838.

Christensen, K. and Z. Olami (1992b) Variation of the Gutenberg-
Richterb values and nontrivial temporal correlation in a spring-
block model for earthquakesl. Geophys. Res97, 8729-8735.

Das, S. and K. Aki (1977) Fault planes with barriers: a versatile
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