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Understanding the physics of complex phenomena s
as earthquakes is a formidable challenge. Because

are constrained by our inability to do experiments on ea
quake faults, we turn to computers as our earthquake la
ratories. Computer simulations of earthquakes help us
test theoretical models and allow us to generate catalog
synthetic earthquake events. In this column, we discuss
eral models and algorithms for simulating strike-slip fau
with nearest-neighbor and long-range interactions.

We begin by briefly reviewing the essential physics
earthquakes~see Ref. 1 for a more complete introductio
and Ref. 2 for a more advanced exposition!. A strike-slip or
transform fault, such as the San Andreas fault in Californ
delineates the boundary between two crustal regions
move primarily along the earth’s surface and opposite
each other. Although earthquakes occur at other type
faults, we shall concentrate solely on strike-slip ear
quakes, which have their initial rupture sites near the ear
surface, because their mainly one-dimensional mot
makes them easier to simulate than other types of faul

Without the earth’s relatively rigid upper layer, calle
the lithosphere, these shallow-focus quakes would not
cur. The lithosphere, an approximately 100-km-thick lay
which is made of the crust and a portion of the upp
mantle, consists of two principal parts that are coupl
Although the upper part can sustain tremendous sh
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stresses~about 10 MPa in faults and about 100 MPa in t
surrounding rock! and undergoes brittle fracture and se
mic slip, the lower part behaves ductilely and experien
aseismic slip. Seismic slip is associated with earthqua
and refers to very rapid motion due to a frictional instabil
between the two sides of a fault. After undergoing seism
slip, the formerly sliding rock experiences an interval
little or no motion during which the stress on the rock r
charges. This phenomenon is called a stick-slip instabil
In contrast, aseismic slip refers to continuous, usually slo
stable sliding and is not associated with earthquakes. C
sequently, the lower part constrains earthquakes to the
per region of the lithosphere and prevents large earthqua
from expanding to below the border between the upper
lower regions. This constraint may lead to differences in
distribution of occurrence frequency versus size for la
and small earthquakes.3

What do geophysical theories tell us about strike-s
earthquakes? The theory of plate tectonics says that
lithosphere is broken into about a dozen major rigid pla
and several minor ones. These plates slowly grind aga
each other, building up stress and creating faults. The e
tic rebound theory,4 the first modern theory of earthquake
emphasizes the importance of elastic strain energy in ea
quake generation and states that the elastic strain incre
monotonically on a fault, a previously weakened regio
resulting in an increase of stress. Once the stress accu
lates to the breaking strength, this region becomes unst
and rapidly rebounds or slips to a lower, more stable str
state. The released elastic strain energy manifests itse
seismic radiation and violent ground motion and rearran
ment. After the earthquake subsides, tectonic forces re
the gradual buildup of stress on the fault, eventually culm
nating in another earthquake.

Seismologists have observed that small quakes oc
© 1998 AMERICAN INSTITUTE OF PHYSICS 0894-1866/98/12~1!/34/7/$15.00
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more frequently than large quakes. Gutenberg and Rich5

established a scaling relation between the magnitudem and
frequency of occurrence of earthquakes. For our purpo
we take m} log10 A, where A is the rupture area and
measure of the size of an earthquake~see Ref. 1 for the
definition of the Richter magnitude!. The Gutenberg and
Richter scaling relation is

log10 N~m!5a2bm, ~1!

wherea and b are constants andN(m) is the number of
earthquakes greater thanm in a specified time interval. Al-
though the form of the relation~1! is universal, the values o
a and b depend on the region. The constanta specifies a
region’s level of seismicity, that is, the activity, where
large a implies a high level of regional seismicity. Th
values of b are generally between 0.75 and 1.5, whe
smallerb values indicate more quakes within a given tim
interval. Large earthquakes (m.7) have different values o
b (1.2,b,1.5) than small quakes (0.75,b,1.2).3 This
difference in the scaling-relation coefficients in the tw
cases may be a result of the exclusion of large earthqu
from the ductile region of the lithosphere as describ
above.

The form of Eq. ~1! implies a power-law relation
N;A2b. This relation has motivated physicists to ask
this and other power-law relations for additional propert
of earthquakes imply a kind of critical phenomenon.
other words, are earthquakes a kind of phase transition
first check on the robustness of an earthquake-fault mod
that it be able to produce these scaling relations. Howe
the ability to produce a scaling relation does not mean
the model is useful, because it also must be able to re
duce other known phenomena and lead to predictions
seismologists can observe on real faults. Hopefully, by a
lyzing the successful models, we can answer this ques
about critical phenomena and come to a better theore
understanding about earthquakes.

Now that we have covered some of the basic inform
tion about strike-slip faults, we discuss how to model the
In 1967, Burridge and Knopoff6 developed the first com
puter model of a fault. The Burridge and Knopoff~BK!
model consists of a one-dimensional chain of massive sl
blocks, where each block contacts a frictional surface~one
side of the fault! and interacts with its nearest neighbors a
a tectonic loader plate~the other side of the fault! via
Hooke’s law springs with spring constantsKC and KL ,
respectively~see Fig. 1!. The springs simplify the dynamic
by restricting the blocks to move along or opposite to
plate’s motion. As the loader plate slowly moves, it cau
the force to increase linearly on each block to the po
where the force equals the frictional failure threshold~the
fault’s breaking strength!, after which the block slides to a
lower residual force state. To produce a dynamic instabil
BK chose a velocity-dependent frictional force that d
creases as the sliding block’s velocity increases.

The dynamics of the BK model is found using New
ton’s second law. The equation of motion for blocki is
,

s

s
,
t
-
t
-

l

r

miẍi~ t !5KC@xi 11~ t !22xi~ t !1xi 21~ t !#1KL@Vt2xi~ t !#

1F@ ẋi~ t !#, ~2!

wherexi(t) is the displacement of blocki from its equilib-
rium position,mi is the mass of blocki , andV is the ve-

locity of the loader plate. The functionF@ ẋi(t)# embodies
the velocity-weakening friction force and can include add
tional dissipative terms proportional to the velocity of bloc
i as well as losses due to seismic waves, which are ela
waves that carry away some of the earthquake’s energ

A sliding block transfers force to its nearest neighbo
as we can see by examining the first term on the right-ha
side of Eq.~2!, which couples blocki to its nearest neigh-
bors. If these neighbors receive enough additional force
cause them to slip, they can cause their neighbors to
and so on, thereby generating a chain reaction of failure
an earthquake that stops once all blocks are below the
ure threshold. Here and from now on, slip refers to seism
slip, as previously defined. Because the geophysical lite
ture predominantly uses the term stress instead of fo
when discussing faults, we assume each block has the s
unit area; henceforth, we will use stress rather than forc

For a large number of blocks (N.103), the BK model
is computationally time-consuming because it requires
solution of N coupled second-order ordinary differentia
equations of motion. Although it is possible to simulate t
BK model and others similar to it~see, for example, Ref. 7!,
we will adopt a less computationally demanding approa
that allows us to include more blocks and to compute
longer time intervals, resulting in improved statistics. O
model, based on work by Rundle, Jackson, and Bro
~RJB!,8 is a cellular-automaton version of the BK mod
and resembles the Olami, Feder, and Christensen mod9

The RJB model bypasses the need for differential equatio
assigns each block to a cell on a lattice, and specifies a
for how each cell interacts with its neighboring cells. Lik
the BK model, each block is connected to its nearest nei
bors and a loader plate via linear springs, which rest

Figure 1. Schematic of the Burridge–Knopoff model.
COMPUTERS IN PHYSICS, VOL. 12, NO. 1, JAN/FEB 1998 35
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each block’s motion. Each block rests on a frictional s
face and does not move unless its stress exceeds a
failure thresholdsF .

Unlike the BK model, the RJB model simplifies th
dynamics by using noninertial massless blocks, thus p
venting the simulation of seismic waves. This approxim
tion is appropriate as long as the friction and spring for
are much bigger than the inertial force~that is, the product
of the mass and the acceleration!. Faults typically exhibit a
low seismic efficiency, that is, the fraction of strain ener
converted to seismic waves is on the order of 5%–10%10

For this reason, internal energy and entropic effects do
nate inertial effects.11 In addition, the exclusion of seismi
radiation should not appreciably affect the statistical dis
bution of earthquakes. In support of this claim, Nakanish12

has shown that massless cellular-automata models can
the same quantitative results as massive slider-block m
els.

We first describe an algorithm for the nearest-neigh
RJB model and later modify it to include long-range inte
actions. We can either choose the reference frame of
frictional surface and measure the displacementUi(t) of
block i from its initial position with respect to the frictiona
surface or choose the moving coordinate system of
loader plate. Because we want to know how far each bl
lags behind the plate, we select the second option and de
the slip deficit as

f i~ t !5Ui~ t !2nVDT, ~3!

where V is the velocity of the loader plate andn is the
number of loader-plate updates. The tectonic-for
transmission time scale,DT, is on the order of years be
cause of the usually long time between earthquakes. In c
trast, the other time scale of interest, the duration of
earthquake, can last from a few seconds to a few minu
but typically is less than 30 s. Below we use the ruptu
time t to measure this duration. The algorithm for th
nearest-neighbor RJB model can be summarized as follo

~1! Assign either a uniform static failure threshol
where each blocki has the samesF,i , or a random failure
threshold, wheresF,i varies for each block and has the for

sF,i5 s̄F1(2d i21)sA ; d i is a uniform random numbe

P@0,1# and s̄F is the mean failure threshold. It is recom

mended thatsA<0.2s̄F . Additionally, assign a residua
stresssR,i to each blocki . The quantitysR,i represents the
stress on blocki after it slips~see step 3!. We usually set
sR,i50. Also assign an initial slip deficitf i(0)

P@2 s̄F /KL,0# from a random uniform distribution to eac
block i , whereKL is the loader-plate spring constant. S
n51 andt51.

~2! Compute the total stresss i(t) on each blocki by

s i~ t !52KLf i~ t !1KC (
j Pnn

@f j~ t !2f i~ t !#, ~4!
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whereKC is the spring constant between the blocks, and
sum includes only the nearest-neighbor~nn! blocks of block
i .

~3! A block with s i(t).sF,i slips to its residual stres
statesR,i by applying

f i~ t11!5f i~ t !1J@s i~ t !#Q@s i~ t !2sF,i #, ~5!

where the step functionQ@x#51 for x.0 andQ@x#50 for
x<0. The jump function,J@s i(t)#, can be either determin
istic

J@s i~ t !#5Jd[
s i~ t !2sR,i

K
, ~6!

or stochastic

J@s i~ t !#5Js[Jd~12rW!. ~7!

The noise amplitudeW is in the range 0<W<1; r is a
random number uniformly distributed in the interval@0,1#.
The constantK5KL1qKC , where q is the number of
neighboring blocks;q54 for nearest-neighbor interaction
on a two-dimensional lattice. Blocki dissipatesJKL units
of stress. Increment the rupture timet→t11.

~4! Repeat steps~2! and ~3! until all s i(t),sF,i .
~5! Measure the physical quantities of interest~see be-

low!.
~6! Move the plate a distanceVDT by decreasingf i by

VDT @see Eq.~3!#, whereDT51, that is, each block re
ceivesKLV units of stress. Increment the loader-plate tim
n→n11. Sett51.

~7! Return to step~2! and continue this procedure for
predetermined number of times.

We take the boundary conditions to be either perio
or closed. For periodic boundary conditions, the springs
the boundary blocks are connected to blocks on the oppo
boundary, and hence stress cannot be dissipated throug
boundaries, except via the loader plate. Each block ha
many neighbors as every other block. Although these c
ditions could result in phase locking in which the sam
patterns or earthquakes repeat periodically, an unreal
condition for earthquakes, adding noise by using the s
chastic jump function prevents this behavior. For clos
boundary conditions, the boundaries are isolated,
boundary blocks are not connected to blocks beyond
boundaries. Hence, these blocks have fewer neighbor
that the value ofK for boundary blocks is less than th
value of K for interior blocks. Accordingly, boundary
blocks typically have greater jump-function values than
terior blocks@see Eq.~6!#, leading to more stress dissipatio
through the boundaries.

The identification of the blocks that are at or near fa
ure can be computationally expensive, especially if we e
ploy the zero-velocity-limit method for whichV→0. In this
method, the loader plate quasistatically loads stress into
system so that a single failing block, called the initiato
initiates an earthquake. This method ensures a clear s
ration between the time scale of years (n) for the tectonic
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~loader! plate and the time scale of seconds (t) for the
earthquake rupture. Because we cannot run our simulat
for years, we can shorten the process significantly by loc
ing the block nearest to failure at the start of a loader-pl
update and then moving the loader plate just enough
cause only that block to fail. The search for the initiat
block requires typicallyO(N) number of computations
However, by using a linked-list data structure, we can d
crease this search toO(1).13 An alternative to the zero-
velocity-limit method is to choose a small consta
V's̄F /L2, which produces on average a single initiator p
plate update.

Before making measurements, we need to let the s
tem run for a sufficient number of plate updates@O(104)#
so that each block has failed several times. This time w
allow transients due to the initial conditions to disappe
and will permit the system to reach a stationary state. D
ing the simulation, quantities of interest include the size
an earthquake~the total number of failed sites per loade
plate update!, the total rupture time per plate update, and t
average system stress or slip deficit. We refer to the se
failed sites as a cluster.

In Fig. 2 we observe that the occurrence frequency
the clusters,nc(s), scales with cluster sizes asnc(s);s2t.
As an encouraging check on the model, the power-law
ponentt51.6 is consistent with a Gutenberg–Richter val
of b'1, according to the relationt5112b/3 ~see Ref. 14
for a derivation!. The exponentsb and t are not equal
because of a factor of 2/3 difference between the Rich
magnitude and our definition of the size of an earthqua
and the fact thatN(m) in Eq. ~1! is an integrated quantity

Figure 2. Log–log plot of the mean number of clustersnc(s) with s failed
blocks for L5128, nearest-neighbor interactions, and closed bounda
conditions. The parameters aresF550, sR50, KC5KL51, and the
zero-velocity-limit with the deterministic jump function. The negative
the slope corresponds to a cluster scaling exponentt51.6 over the interval
1<s<300, wherenc(s);s2t, implying that b50.9.
s

-

f

whereasnc(s) is not.11,14 We describe other interestin
measurements in the suggestions for further study.

Extending the nearest-neighbor RJB model is intere
ing for several reasons. Linear elasticity theory yields lon
range stress tensors for a number of geophysical app
tions. In particular, for a dislocation in a three-dimension
homogeneous elastic medium, the static stress te
T;r 23,15 wherer is the distance between the center of t
dislocation and another point in the medium. Although ge
physicists do not know the actual stress tensors for
faults, they expect that long-range stress tensors apply.
cently, Hill et al.16 have proposed models with both stat
r 23 and dynamicr 23/2 stress tensors to explain why sever
earthquakes occurred within a few minutes after and
distant as 1200 km from the major 1992 Landers, Calif
nia, earthquake. These stress tensors introduce long-r
interactions between the Landers quake and the subseq
activity. It is suspected, but not yet investigated carefu
that microcracks in fault gouge, which is weak pulveriz
rock that has turned to clay, screen long-range interactio
resulting in a proposedT;e2ar /r 3 interaction, where
a!0.01 km21.17 This screening is important becaus
strike-slip fault zones typically contain much fault gouge

In the RJB model, a slider-block approximates a ma
roscopic fault asperity, a rough region on a fault surface
the order of 100 m2. The interaction range varies and e
tends over a geological fault’s depth on the order of 1 k2

or more. Therefore, the model’s interaction region m
include on the order of 104 slider blocks to simulate this
depth effect. On geological faults, the stress dropDs due to
an earthquake is about 0.01–1 MPa, and the failure st
sF is about 10 MPa.2 Thus, the ratioDs/sF is 0.001–0.1.
In the RJB model for constantsF , Ds/sF decreases to
values consistent with geological values as the interac
range increases.11 Consequently, the RJB model require
long-range interactions.

We know from studies of other long-range system
~such as long-range Ising models18! that long-range system
can exhibit different behavior than short-range systems
fact, we find different statistical distributions in the RJ
model using long-range interactions. The long-range R
model has more neighbors and a different functional fo
of the interaction compared to the nearest-neighbor mo
To convert the nearest-neighbor algorithm to a long-ran
algorithm, we make the following changes: In Eq.~4!, the
sum now includes blocks within a square neighborhood
area (2R11)2 centered about blocki . For periodic bound-
ary conditions, blocki hasq5(2R11)221 neighbors. For
closed boundary conditions, blocki hasq5(2R11)221
neighbors if the position ofi is greater thanR units from a
boundary and fewer neighbors if this position is less thanR
units from a boundary. We also introduce a distan
dependent stress tensor acting between neighbors tha
proximates the long-range interactions discussed above

We consider two forms of the stress tensor:~a! K̃C /r 3

and ~b! K̃C /q, where K̃C is the spring constant betwee
COMPUTERS IN PHYSICS, VOL. 12, NO. 1, JAN/FEB 1998 37
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blocks. Both interactions are zero outside the square in
action region. For case~a!, Eq. ~4! becomes

s i~ t !52KLf i~ t !1K̃C(
j

@f j~ t !2f i~ t !#

u iW2 jWu3
@case~a!#,

~8!

where u iW2 jWu is the lattice distance between cellsi and j .
For case~b!, Eq. ~4! becomes

s i~ t !52KLf~ t !1
K̃C

q (
j

@f j~ t !2f i~ t !# @case~b!#.

~9!

If we compare Eq.~9! to Eq.~4!, we see thatKC5K̃C /q for

case~b!, which means thatK5KL1K̃C in Eq. ~6! for every
block i independently ofq. In contrast, for case~a! in Eq.

~6!, K5KL1K̃C( j u iW2 jWu23, which depends onq.
We can make the algorithm more efficient by elimina

ing f i(t) from the RJB equations. If we substitute Eq.~3!
into Eqs.~8! or ~9! and then into Eq.~5!, we obtain

s i~ t !5nKLVDT1(
j

Ti j U j~ t !, ~10!

U j~ t11!5U j~ t !1J@s j~ t !#Q@s j~ t !2sF, j #. ~11!

For case ~a!, Ti j 5K̃Cu iW2 jWu23 for iÞ j and

Tii 52KL2K̃C( j u iW2 jWu23. For case~b!, Ti j 5K̃C /q for i

Þ j andTii 52KL2K̃C . If we multiply Eq.~11! by Ti j and
sum overj using Eq.~10!, we can write

s i~ t11!5s i~ t !1(
j

Ti j J@s j~ t !#Q@s j~ t !2sF, j #,

~12!

where the sum overj includes blocki and itsq neighbors.
This equation evolves the stress during the rupture ti
The modified algorithm becomes:

~1! Choose the value ofsF,i in the same way as for th
nearest-neighbor algorithm, and assign randoms i(0)
P@0,sF,i #.

~2! Increases i(0) byKLVDT, whereDT51 andV are
chosen as previously explained. Incrementn→n11. Set
t51.

~3! Computes i(t) using Eq.~12! for all blocks. Incre-
ment t→t11.

~4! Repeat step~3! until all s i(t),sF,i .
~5! Measure the physical quantities of interest.
~6! Return to step~2! and continue this procedure for

predetermined number of times.
We explore the physics of the long-range model a

the nearest-neighbor RJB model in the problems. For
stance, increasing the spring constantK̃C between the
blocks in the long-range model more tightly couples th
to each other and decreases the stress dissipation per
failure @see Eq.~5!#. Consequently, more stress remai
38 COMPUTERS IN PHYSICS, VOL. 12, NO. 1, JAN/FEB 1998
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available in the system to produce larger clusters. As
discuss in problem~5!, the average cluster size increas
linearly with K̃C , and the time to form the clusters in

creases as a power law with increasingK̃C . Figure 3 shows
that cluster scaling for the long-range model differs fro
the nearest-neighbor model by having a smaller expon
Therefore, clusters of a given size occur less frequently
the nearest-neighbor model in comparison to the long-ra
model.

Recent work19 demonstrates that the long-range inte
action leads to a mean-field theory that displays stab
metastable, and unstable states. Most importantly, it p
dicts that earthquakes can form via nucleation. This pred
tion is interesting because nucleation may trigger r
strike-slip earthquakes.20 Although we still do not com-
pletely understand the causes of earthquakes, the stud
long-range interaction models could point the way toward
deeper understanding.

Suggestions for further study
~1! Write a program to simulate the one-dimension

nearest-neighbor RJB model using the deterministic ju
function and uniform values ofsF,i . Consider linear di-
mensionsL564– 256. Although the choice ofsF is arbi-
trary, we recommend choosingsF550. SetsR50. Choose
either a smallV'sF /L2 to produce one initiator on aver
age or use the zero-velocity-limit method. TakeKL51, and
vary KC from small values (,1) to large values (.10).
Measurenc(s), the number of clusters of sizes, and plot a
histogram ofnc vs s. Does thes-dependence ofnc(s) de-

Figure 3. Log–log plot of the mean number of clustersnc(s) with s failed

blocks for L5256 with theK̃C /q long-range interaction and periodic
boundary conditions. The parameters are R516 (q51088), sF550,

sR50, K̃C5100, KL51, and the zero-velocity limit using the stochast
jump function with W50.3. The negative of the slope corresponds tot51.5
in the interval 1<s<300, implying that b50.75.
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pend onKC? We have found thatKC,1 yields an expo-
nential distribution,KC;O(1) produces a power-law dis
tribution with an exponent that depends weakly onKC , and
KC>10 results in an excess of large quakes ('L2) in com-
parison to the power-law distributions. These distributio
are termed subcritical, critical, and supercritical scaling,
spectively. Plot the time series of the mean stress versus
loader-plate update timen ~see Fig. 4 for example!. ~The
mean stress is obtained at a given time by averaging
magnitude of the stress over all blocks.! Observe the stick-
slip pattern in the time series. The stick corresponds
increasing stress with only a few blocks moving, while t
slip corresponds to a sudden drop in stress due to m
blocks moving and releasing stress from the system. D
the average time between major slips occur more freque
or less often asKC increases? What does this behavior s
about the stress being dissipated and the interaction stre
between the blocks?

~2! Use the stochastic jump function with differen
noise amplitudes in the program for problem~1!. How does
the inclusion of noise affect the cluster scaling and the tim
series stick-slip patterns?

~3! Write a program to simulate the two-dimension
nearest-neighbor RJB model, repeating the measurem
in problems~1! and ~2!. Do the two-dimensional results
differ from the one-dimensional results?

~4! Write a program to simulate the long-range RJ
model. Try both long-range stress tensors, cases~a! and~b!,
as previously defined. Values ofR in the interval 2<R<8

Figure 4. Plots of the mean stress and total slips versus plate update
n for L5256 and the r23 long-range interaction truncated at R5128. Due
to the choice of closed boundary conditions and the fact that R5128
encompasses a large portion of the system, q516129 for the center blocks
and q54288 for the corner blocks, givinĝq&'104. The parameters are

sF550, sR50, KL51, K̃C525, ^K&'250, and the zero-velocity limit us
ing the stochastic jump function with W50.3.
e

y
s

th

ts

are adequate to observe effects different from those in
nearest-neighbor model. The capabilities of most perso
computers and workstations will limit the interaction ran
to R'8, which corresponds toq5288 neighbors. For very-
long-range interactions, the system size should be su
ciently large to allow earthquakes to grow beyond the s
of the interaction region. For example, anR515 system,
which hasq5960 blocks in an interaction region, shou
have L>256. Use the stochastic jump function wit
W'0.3. Measurenc(s) for different values ofR. Take

KL51, sF550, andsR50. Select values ofK̃C to makeK
for the long-range interactions equal toK for the nearest-
neighbor interactions in problems~2! and~3!. How does the
s-dependence ofnc(s) compare to the case of neares
neighbor interactions~see Fig. 3!? How does the cluste
scaling of the long-range interaction in case~a! compare to
that in case~b!? Is the time series of the mean stress for
long-range interaction model different than the time ser
for the nearest-neighbor model?

~5! Consider the long-range RJB model for various v

ues ofK̃C for a given value ofR using either case~a! or ~b!
of the long-range interaction. Use the stochastic jump fu
tion with W'0.3. TakeKL51, sF550, andsR50. Mea-
sure the average equilibration timetequil over which an
earthquake occurs or a cluster forms. The equilibration ti
is the time required for the system to relax so that the str
on all blocks is belowsF . To do this measurement, recor
the number of rupture time steps per plate update; t
compute the time average of this quantity over many pl

updates. Also measure the time-average cluster sizes̄ ,
which is made by keeping track of the cluster size per pl
update and then computing its average over many p

updates. Plot these quantities versusK̃C . What type of re-
lationship is obtained? These plots should display a po

law up to the value ofK̃C that corresponds to supercritica
scaling, as discussed above. Mean-field theory21 predicts

that tequil;K̃C
1/2 and s̄;K̃C . Because the suggested inte

action ranges are far from the mean-field limit, these sca
exponents will not be found exactly, but will approach the
mean-field values as the interaction rangeR increases. The

increased time to form an earthquake asK̃C approaches a
critical value illustrates the phenomenon of critical slowi
down,22 which is observed in many condensed-matter s
tems near a critical point.

~6! Examine the structure of the earthquake cluste
Are they fractal? If so, what is the fractal dimension? D
large clusters have holes in their interiors or perimeters
both? Or are these clusters dense filled-in objects? Do th
structures depend on the system parameters? In partic
does the nearest-neighbor interaction produce differ
structures than the long-range interaction?

~7! Investigate the spatial and temporal rupture p
terns. Several real strike-slip faults exhibit space-time cl
tering of events in which similar large-magnitude ear
quakes tend to occur close to each other in space and t
COMPUTERS IN PHYSICS, VOL. 12, NO. 1, JAN/FEB 1998 39



ur
ries
the
ed
,
cen
he
n o
en
are

u-
-
tein
the

ful

u-
ite
ar-
tha
ys-
lso
ple

b-
ip/

-

d
e,

ture

,
ion

.

od.

oc.
.

ys.

c.

on,

z,
S.
.

ton,
J.

ith,
,

eo-

r,

ev.

ut.
l

s

CS
Then for a long duration, few large earthquakes will occ
until another temporal grouping of large events. Time-se
plots can display this temporal clustering. For instance,
plot of the total slips in Fig. 4 shows that intermediate-siz
events ('103 to 73103 slips! occur in temporal clusters
whereas larger events are typically surrounded by quies
periods. In addition to analyzing the time series for t
temporal behavior of earthquakes, plot the spatial patter
large events during a time sequence. Do these large ev
occupy similar sites? Are they adjacent to each other or
they separate? How do these spatial patterns evolve?

Acknowledgments
Two of the authors~C.D.F. and W.K.! received support

from DOE Grant No. DE-FG02-95ER14498, and one a
thor ~J.B.R.! received support from DOE Grant No. DE
FG03-95ER14499. The authors thank Jonathan Golds
for his questions and comments on the RJB model and
editors, Harvey Gould and Jan Tobochnik, for their help
suggestions.

From the editors.Please consider submitting a man
script to the Computer Simulations column. We also inv
your comments and suggestions for future columns. Of p
ticular interest are columns such as the present one
show students how to apply their knowledge of basic ph
ics to model realistic problems of current interest. We a
are interested in columns that illustrate how to use sim
interactive graphics embedded in Fortran 90, C/C11, and
Java simulation programs. For further information on su
mitting a manuscript, visit http://physics.clarku.edu/c
cip.html.
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