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COMPUTER SIMULATION OF EARTHQUAKES

Steven C, Cohen

Geodynamics Branch

ABSTRACT

Two computer simulation models of earthquakes are studied for the depend-
ence of the pattern of events on the model assumptions and input parameters,
Both models are adaptations fiom the work of Dieterich (Dieterich, 1972), and
represent the seismically active region by mechanical blocks which are connected
toone anotherand to a driving plate, The blocks slide on a friction surface, In
the first model we employ elastic forces and time independent friction to simulate
main shock events, We find that the size, length, and time and place of event
occurrence are influenced strongly by the magnitude and degree of homogeniety in
the 2lastic and friction parameters of the fault region, For example, periodizally
reoccurring similar events are frequently observed in simulations with near
homogeneous parameters along the fault, whereas, seismic gaps are %« comimon
feature of simulations employing large variations in the fault parameters. The

second model incorporates viscoelastic forces and time-dependent friction to

account for aftershock sequences, The periods between aftershock events in-
crease with time and the aftershock region is confined to that which moved in

the main event,
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I. INTRODUCTION

In the absence of a general theory of motion along a fault there are at least
five avenues of approach to understanding earthquake dynamies, These avenues
include field investigations, laboratory experiments, simplified theoretical an-
alyses, model building, and computer-numeric simulations, The present paper
focuses on a computer simulation, There are several reasons why such simula-
tions are attractive research tools, The first of these is time compression,
Events spanning many decades, even centuries, can be simulated in a few sec-
onds on a high speed computer, The second is convenience in investigating al-
ternative hypotheses., All the conditions of the simulation are under the control
of the progr mmer and the differing consequences of alternative assumptions are
readily identified, The third attractive feature is the great detail with which the
motion can be observed in the simulation, This can be a great aid in explaining
the consequences of the motion, The major difficulty with computer simulations
is the question of correspondence with '"real world'"' phenomena, Highly idealized
models, which are clear in conceptual detail, may not be adequate representations
of naturally occurring situations. On the other hand complex simulations are lim-
ited by our lack of knowledge about naturally occurring conditions and by restric-
tions on computer speed and storage requirements, Furthermore, complex
simulations may be so confusing in detail that they are uninstructive in basic
causes ond effects, In the present effort we are aiming primarily for physiecal

clarity and nave, therefore, used conceptually simple ideas und techniques,




Despite this limitation, much of the behavior exhibited by our simulator mimics |
natural behavior and certain observed natural phenomena find ready explanation

through this technique,

Most simulators are based on the model of coupled massive blocks first in-
troduced by Burridge and Knopoff (Burridge and Knopoff, 1967) and illustrated
in Figure 1, In this mode' *he fault is divided into coupled blocks which slide on
a frictional surface, The coupling which corresponds to the elastic and viscous
properties of the material is represented by various combinations of springs and
dashpots, The blocks are driven through a coupling to a moving plate. The plate
moves with a drift velocity, u, whichis unaffected by the frictional resistance along
the fault, The one-dimensional model of Burridge and Knopoff included ten blocks
some with predominate elastic coupling o their neighbors and some with pre-
dominate Maxwell-viscous coupling, Diet2rich (Dieterich, 1972) elaborated on
the model by including fifty blocks and using the standard linear solid coupling
shown in Figure 1. Otsuka (Otsuka, '972) developed a two-dimensional simula-

tor with elastic couplding, and Dieterich (Dieterich, 1973) reported on a three-

dimensional, elastic coupling, simulator,

In the present work we will examine in more detail some one-dimensional
simulators, primarily those due to Dieterich., We will examine, in particular,
such questions as how the pattern of stress release in simulator earthquakes
{SEQs) depends on the frictional characteristics of the fault and how simulator

aftershock sequences depend on material properties.
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II. ELASTIC MODEL

The simplest model that we have employed assumes perfect elastic coupling
between a block and its nearest neighbors and to the driving plate. Consider the
elastic forces acting on the ith block of Figure 1

Fi = Kooy =X+ &40, 02 = xp) + Kjut - x)) )

where u is the velocity of the driving plate, t is the time, x;, ,, X . g and x;
are the displacements of the i + 1, i = 1, and ith blocks, K, and K; _, are the
spring constants of the i and i = 1th connecting springs and K; is the spring con-
stant of the leaf spring connecting block i to the driving plate. To each block we
also associate a static frictional strength, !is. which resists motion, Once the
pulling force overcomes the frictional resistance to motion the dynamics of the
ith block is governed by the force equation

mX, = F,-1d

e | " 1
(2)
= Ki(x 4 = %)+ K _ (% _ —uiH-l(;(ul-n,-)-l‘ii

where m; is the block mass and f{' is the dynamic friction force,

Consider now the situation with all blocks initially at rest and F; < f] for
each block. As time advances F; increases due to the motion of the driving block
and the consequential increase in the driving spring tension, We can associate
with each block a time, t:'. at which time the block would first move if unaffected

by the motion of any other block, Thus

R e Kk s 7
t{'=ﬁ[l_<—-'"‘i""‘i+l'+ i e L LT -




That block which has the minimum value of t:’ is the first to move, The subse-

quent motion of all blocks can be determined as follows: No block moves until

F; = f] for that block. At that time the block's initial acceleration is
- g

'x';' = = ! (4‘

m; m;

The subsequent dynamics is dictated by Equation 2, Initially the block's acceler-
ation is positive and its position and velocity increase, As the tension on the
block is relieved )y the sliding motion the acceleration decreases becoming neg-
ative for sufficient spring compression. The velocity begins to decrease and
ultimately goes to zer.» «t which point motion of that block terminates if IFiI

< f:. It is evident irom t%: preceeding equations, however, that the motion of
one block will cause compression or expansion of the connecting springs to its
neighbors, This can stimulate motion of the adjoining blocks thereby propagating
the earthquake along the fault, Thus the motion along the fault is governed by a
set of coupled dynamic equations of the form of Equation 2. Numeric techniques
for solving such equations are well known and we need comment here only that
the solution would be ambiguous if we did not impose some boundary condition of
the end springs. In the simulations reported here we have assumed periodic

boundary conditions for N blocks (N = 50 in most of our simultations),

Before continuing the discussion it is instructive to solve analytically the
simple case in which only one block moves during an earthquake. We further

assume K; = K, , | = K[ and rake as initial conditions x| = x', | = x’ = 0. “hen



suppressing the subscript i

(5)

Since the velocity of the driving plate is very slow (~5em/yr) the quantity Kut ’
is essentially unchanged during the motion and we let t = t, = constant, Thus the

equations of motion becomes

o . 3K Kut, - fd
5 W~ L 0 Spp—— (6)
m m

which has the simple solution

2 Y /3K Q-
X = 3 (ul,, -R-) sin” oy —2—@ (7

But the condition for starting motion is Kut, = f* so that
g £ = s g wige
X-EE(I—a)sm ;--:-..i—r‘ (5)
We take note of several easily derived consequences, First the tota’ displace-
ment of block i due to this event is
2
=== (-

Xmax 3K a) (9)

while the duration of the event is
4
tnax =t = Tﬁ ¥ (10)

Notice that the duration of the single block event depends only on the mass of the

block and the spring constant and is unaffected by the friction parameters, The
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peak velocity is

(s -19)
max = m

The typical time scale for re-occurrence of motion in this block is

-4
Ku

aT =~

The initial force on block | was Kut,, The final force is ~K(ut

the change in the stress force, AF, is

AF; = 3Kx g,y = 2 (9)

AFi
— m M| -a)

)
The stress force rise in the adjacent block (e.g., AF, , ) is

(1% - 14y

wilra

AFHI " le’l‘lll .

(1 -a)

1|
LPS I |

- 3x

max"

(11)

(12)

Thus

(13)

d14)

(15)

(16)

Notice that the fractional stress changes depend only on the ratio of dynamie to

static friction, independeat of other material properties, If, for example, a =

0.8, thereis a forty percentdrop inthe stress of the ithblock due to this event and

athirteen percent increase inthe stressof its neighbors. If this additional stress

rise were sufficient to overcome the frictional strength of the neighbors these

blocks would have been stimulated into motion. Furthermore, the absolute change

in the stress force as a result of the earthquake is determined by twice the
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difference between the static and dynamic frictional strengths, again independ-

ent of other material parameters,

I, VISCOELASTIC MODEL WITH TIME-DEPENDENT FRICTION

The elastic model which we discusgsed in the last section generates simula-
tions which have many features common to naturally occurring events, These
features include the slow accumulation of tectonic stress and its rapid reiease by
stick-slip sliding in earthquakes, the existence of seismic gaps in areas on hmh.
frictional and elastic constant variability, and the gradual propagation of a se- :
cession of earthquake events through regions of relative uniform properties,

'

Events of varying magnitude, ground displacements, and volume are generatea,
Nevertheless there are a number of important phenomena which cannot be simu-
lated with this model. Foremost among these are aftershock sequences, In or-
der w gonerate aftershocks we assume some mechanism for the rapid recovery
of all or part of the stress released by the main shock is necessary, The tectonic
forces represented by the slowly stretching elastic springs build too slowly to
provide an aftershock mechanism. By contrast, Burridge and Knopoff (Burridge
and Knopoff, 1967) showed that viscous creep following an earthquake can redis-

tribute stress in a manner which produces aftershocks. Dieterich (Dieterich,

1972) proposed partial stress recovery due to viscoelasticity in a region which
slides during an earthquake then remains locked while the viscous forces adjust

to the displacement. When coupled with a post-earthquake weakening of the fault




frictional strength this mechanism will also generate aftershock sequonces, We

now elaborate on this model.

Consider the same mechanical blocks as in the previous section, Now, how-
ever, instead of having coupling by simple elastic springs, the coupling is a par-
allel combination of elastic and Maxwellian elements as shown in insert b of Fig-
ure 1, Assuming that the blocks are not moving and that the driving plate veio-

city is still u, The viscoelastic force equation is

F. s (;ic (t -l|0 )l”. +(;I - c-{l - ll_‘/f' 1= I +G;e"(l » t.)l’f:

tKi(xje - x 0 "3-(t-l")'r")*'l(i_,(ui_l =x) (1 R B AT B &
17

M ~(1 -l.iff:)

+ K;‘UT;U -e™ T+ Ki'u(t - e
- Kiny(1=e 1T

In the preceeding equation we have introduced the following symbols:

Gy = force on spring i at time t;,

G;_, = force onspringi-1 attimet;

G, = force on spring i’ at time t,

t, = last time block i or block i + 1 moved
ti. = last time block i or block i = 1 moved
t = last time block i moved.

The tau's (1) are the relaxation times of the viscoelastic system, The condition
for the onset on a simulatior earthquake is

Fi(t) = (1) (18)

E?RODUCIBMTY '\!l: .
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where the static frictional strength {7 (t), is also a weak function of time increas-

ing slowly from some minimum value immediately following cessation of biock
motion., Equation 17 is a transcendental equation for which can be solved by any
of several numeric techniques, The acceleration and de-acceleration occurring
during an earthquake occur on a time scale much faster than the viscous responsc
time hence we can ignore viscous properties during the earthquake and write the
following equation of motion

m¥, = [Ki(x; ., =x)+ K _ (x_, =x)+Ki(ut = x))]

Ky (X 4y “x) =0, =xIN+K,

o (x =x)=x{_, =x'D (19

+ K (at = x) = (uty =x{ 0] + (3] 430, +30) -1
In this equation the first bracketed quantity represents the elastic force due to
the stretching of the purely elastic element of Figure 1¢, The second and third
bracketed quantities represent the forces on the Maxwell elements, The second
bracket gives "he chang: in the elastic force due to stretching or compression of
Maxwell elements springs from their position at beginning of simulation earth-
quake, The third bracket gives the force prior to this stretching or compression,
This inodel has two key elements: the viscoelasticity is responsible for a partial
recovery of the stress drop occurring during an earthquake event and the time
dependent friction is responsible for a weakening of the fault strenith. The model
operates as follows, Assume initially (for simplicity only) that all elastic and
Maxwell elements are relaxed, that there is no stress acting on any of the blocks.

As in the purely elartic mode!, stress accumulates with the drift of the driving

Sitats: 3 " L T A —



plate until one block is stressed beyond its frictional strength and begins to

slide, The subsequent motion may involve one or more blocks depending on the
frictional strength of the otiier blocks. The motion of the blocks results in a
stress drop whose magnitude is determined by the sum of the procducts of the
spring constants and the change in spring stretch, This is all similar to the pure
elastic case, Now, however, while the blocks remain fixed following the simu-
lated earthquake the viscous dashpots tend to acjust to relax the stretch or com-
pression in the Maxwell element springs. Consider the primed coupling element
which has undergone a reduction in the spring stretch AL. The resultant stress
drop is (K' +K)) AL. If the Maxwell element dashpot has sufficient time to re-
lux the change in the stretch of the K, spring, then the final stress drop following
viscous adjustment is K'AL. Thus the fractional stress reco.ery of the original
stress drop is K,/(K' +K')). Assume, {or illustrative prrposes that K, = 3K',
then seventy five percent of the original stress drop duri.g a simulation earth-
quake is recovered during the subsequent stress rise due to viscous adjustment.
If the frictional strength of the fault in this region is sufficiently reduced after the
earthrmake compared to the pre-earthquake level and if the viscous response is
sufficiently rapid, then an aftershock will be generated. The process may be re-
peated many times. The reduction in frictional strengih alongz the displaced por-
tion of the fault is a consequence of the finite time required to heal the break sub-
sequent to the slippage. This model uses a friction strength which rises loga-

rithmically with time since the last slip. The time scaie for the aftershocks is
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usually of the same order as the viscous relaxation time. We will nresent il-
lustrations of these aftershock sequences in the following section. We should
emphasize that this aftershock theory is just one of several alternative treat-

ments of the aftershock problem. Subsequent papers will deal with computer

simulations employing other theoretical models.

IV. RESULTS

We now discuss the results of simulations using the models diccussed in the
previous sections., We first consider the simple case of purely elastic coupling
between the blocks and the driving plate, Figure 2a shows block acceleration,
velocity, and displacement versus time for typical small two block event, This
SEQ was initiated when the elastic forces acting on block 44 overcame the static
frictional strength of the block. The block begins to move with a peak accelera-
tion 11 cm/sec’. * As this block slides to the right and begins to relax the force
acting on it, additional force is applied to blocks 43 and 45 by the compression
and extension of the i = 43 and i = 44 springe., At ~7 seconds after the initiation
of the event, the force on block 43 has reached the frictional strength limit of that
ble  and it too begins to move to the right., As both blocks continue to slide to
the right additional force is applied to blocks 42 and 45, Nevertheless these

blocks remain unmoved as even the additional stress due to the motion of blocks

*The acceleration, velocity, displacement, and time axis shown on Figure 2 are scaled by the independent
parameters f, K, and m. Thus, for example, the forty second time scale of Figure 2 is arbitrary to the
extent that independent parameters can be changed. See the Appendix for the scale relationships.
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44 and 43 is insufficient to overcome the frictional strengths, The moving blocks
continue to deaccelerate until they come to rest at ~34 and 39 seconds after the
initiation of the event. The force conditions on the fault preceeding and following
this SEQ are also shown in Figure 2, Notice the stress relaxation in the moved
blocks and the stress buildup in the adjacent unmoved blocks. In the case where
the frictional and elastic properties of the fault region vary only slightly from
block to block, this predisposes this unmoved border region to motion in a sub-
sequent SEQ, By this mechanism the location of SEQ's propagates down the en-
tire fault leaving few, if any, seismic gaps. We can see this more clearly in an
event plot as shown in Figure 3, In this plot each line summarizes pertinent in-
formation concerning one SEQ, The first column gives the event number, the
second the time of occurrence of the SEQ. The third column of fifty spaces rep-
resents the fifty blocks of the fault used in our simulations, Motion of a particu-
lar block during the event is indicated by an X; otherwise the space is left blank,
Thus in event 316 at time ~5,147 x 10'" seconds, blocks 6 through 9 moved and
all other blocks remained stationary, The fourth column gives the block number
of the first block to move in the event, and the fifth column tells the tota: number
of blocks displaced in the SEQ, Figure 3 is an event plot for which all Ki' =1

x 10" " dyne/em, K; = K//2, and the f} were in the range (1.95-2.05)x 10%° dynes.
All the blocks have an equal mass of 2,8 x 10°® grams. Notice that in this case
there is a cycle of similar events which tend to repeat themselves, Although

there is no true periodicity of events, there is an approximate characteristic

12




time interval of about 2. 5 x 10" seconds during which almost all blocks along the

fault move at least once,

By contrast to this case where the elastic and frictional properties vary only
slightly from block to block, we now consider a case, Figure 4, in which the
friction is allowed to vary randomly from 1 x 10°? to 3 x 10°” dynes. In this

case there is considerably more scatter in the location of SEQ's,

Figures 5 and 6 show two other cases of some interest, In Figure 5 the
frictional strength varies smoothly from a minimum value of about 1 x 10°
dynes at blocks 1 and 50 to a maximum value near 3 x 10°" dyneg in the middle
of the fault, The function chosen to represent this variation is f; = 3,16 x 10*"
exp(-(i - 25, 5)/24.5)2 - 0,16 x 10%° (dynes), Because of the symmetry of the
fault equal simultaneous events occur on the right and left sides of the figure,
Two distinct patterns are observed. In the early stages of the simulation the
pattern of SEQ events traces out the friction curve. The weaker elements move
frequently with small slippages while the stronger clements are more resistant
to being displaced. Gradually, however, the pattern evolves into one in which
large sections of the fault move in discrete steps separated by intervals of little
activity in those sections. The reoccurrence time between the iarge events de-
creases with time while the number of blocks involved increases. After the larg-
est of these events has been completed much of the tension in these sections of

the fault has been relieved, and the earlier pattern of tracing out the friction

13
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curve is repeated. This behavior is characteristic of a situation in which the
fault goes through a charge-discharge cycle. During the charging phase stress
gradually accumulates and the small events which do occur only partially relieve
the mounting stress. ¥inally a large event or events discharge most of the ac-

cumulated stress after which the cycle begins anew,

In Figure 6 the friction is, as in Figures 3 and 4, randomly distributed, but
now the limits on the random number generator are 0-1 x 10°? dynes. The par-
ticular distribution used is shown on the figure, We notice in Figure 6 that the

weak elements move frequently, often in single block events,

A critical factor in determining the number of blocks that move in a given
SEQ is the relative magnitudes of the connecting and leaf springs. Larger values
of the leaf spring constants (relative to that of the connecting springs)favor events
with a large number of blocks moving. The explanation is simply that with the
larger leaf spring constant the tension between the moving plate and the associated
connected block can be relieved with a relatively small displacement, This small
displacement coupled to the weaker spring constant of the connecting spring is
less likely to induce motion in the adjacent block than it would if the situation

were reversed,

Three examples of simulations using the viscoelastic model are shown in
Figure 7. The effect of the longer time constant in reducing the number of after-

shocks and in increasing their inter-event period is obvious., Results generated

14




by the viscoelastic model are very sensitive to the relative values of the elastic

| and viscous parameters. We have performed simulations with many combinations
\ Kf
1 of these parameters in the ranges 10'¢ dynes <K' <10'® dynes, 0.1 < = < 10,

K
| K; fd '
| 1.5112Z a.nd-l—:-'<5, 10 <7 and r <104, 0<f"< 3 x 10°° dynes and 0 < =

$ < 0. 99,

Several general observations can be made.

1. For simulations in which K = K’ and K, = K the number of blocks mov-
ing during a typical event rises as the system advances from an unstressed to
highly stressed state. Eventually a condition is reached when a high fraction of
the simulation events involve all or nearly all blocks., This condition is influenced

to some extent by the choice of periodic boundary conditions.

2, Conditions favoring a large number of aftershocks include small visco-
elastic response times and larger values of [-('2 with respect to K', The former
condition assures that the full effects of the viscoelastic stress recovery will be
rapid compared to the time for appreciable rise in the frictional strength. The
second condition implies that an appreciable portion of the initial stress drop
during the SEQ is subsequently reduced so that the post-SEQ stress level ap-

proaches the pre-SEQ level,

3. The aftershocks tend to have smaller displacements than the main

shock, This is consistent with the trend observed in nature and with the fact that
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only a partial stress recovery occurs. It is not true however, that there is a
monotoae decrease in the average displacement with aftershock number, The
exact nature of the aftershock displacements depends in a complicated manner on
the frictional characteristics, viscoelastic parameters, and number of blocks in-

volved in the event,

4, The mean time between aftershocks tends to increase with time, For
som * simulations the time interval between the main and first aftershock is the
mirimum time interval between events in a sequence, In other cases the mini-
mum time interval occurs between the first and second aftershocks. In either
case there is a subsequent trend toward increasing periods between aftershocks
provided aftershocks with a common epicentral block are considered. For
aftershocks with different epicentral blocks there may be a super-position of
several sequences, each involving its own epicentral block., Alternatively, the
behavior may be more complicated., Some of the simulated aftershock sequences
show a logarithmic increase in the number of aftershocks with time, consistent
with Omori's (Omori, 1894) observation of a (a + bt)"' dependence of aftershock
frequency on time following the main shock. In other cases there are consider-

able deviations from this simpic wme dependence.

5. The aftershock region is generally confined to the region of the main
shock. The number of blocks displaced in an aftershock is less than or some-

times equal to the number displaced in the main event,

16




V. CONCLUSIONS

In this paper we have begun our examination of various numerical simulators
of earthquakes. We have focused attention on two theoretically simple models,
one employing elastic forces and time-independent friction, the other employing
viscoelastic forces and time-dependent friction. Our central conclusions are as

follows:

1. When the elastic and frictional parameters are nearly uniform from
block to block the SEQ's are characterized by a propagation of successive events
down the fault, Conversely, seismic gaps are more likely to occur when there

are large variations in the elastic or frictional parameters,

2. The periodic reoccurrence of similar SEQ events is {requently observed
in cases where the parameters of the fault and the blocks are nearly homogenecous
from location to location, The reoccurrence time is determined primarily by the
difference between the static and dynamic friction and by the elastic constants of

the springs.

3. Simulator events involving large displacements tend to involve the mo-
tion of several blocks, The simultaneous motion of adjacent blocks lessens the

displacement restricting elastic forces between blocks,

4. Frictionally weak elements tend to move frequently with conce’ mitant

small average displacements,

17
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5. As the ratio, I , of the elastic driving force constant to connecting

force constant increases, the length of the average SEQ event decreases,

6. In the viscoelastic model the aftershocks exhibit several characteristic

features:

a., the period between aftershocks increases with time following the

main event,

b, the magnitudes and block displacements of the aftershocks are less
than that of the main shock, However, there is no consistent de-

crease in aftershock magnitude with time,

¢, the aftershocks are confined to the region of the main event, Fewer,

or at most the same, number of blocks are involved in attershocks,

7. The occurrence of aftershocks in the viscoelastic model is enhanced by

’

short viscoelastic time constant, 7, and by large values of the ratio %’i.

Several features concerning numerical simulators await further investiga-
tion, These features include, among others, the exploration of alternative earth-
quake theories particularly with respect to Lault friction instability and aftershock
occurrence, Also deserving examination in the correlation among the input and
output parameters of the model. For example, King (King, 1975) has observed

in his mechanical models the statistically valid relationship: log (Energy released)

18
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= A + B log(Nd) where N is the number of blocks involved in the event, d is the
average block displacement, and B ~ 1, We have observed a similar correlation
in our numerical simulations. Finally a detailed examination of the importance
of boundary conditions and geometry and topology in two and three dimensional
models also awaits further discussion. We hope to address some of these ques-

tions in subsequent papers,
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FIGURE CAPTIONS

Mechanical block representation of fault, Each block which rests on

the friction surface is coupled to nearest neighbors and to the driving

plate which moves to the right with velocity u. (a) elastic coupling cle-
ment - perfect spring with spring constant K. (b) viscoelastic coupling

with spring constants K and K, and dashpot viscosity n.

Example of a two block SEQ. The displacement veloeity, and acceler-
ation of blocks 43 and 44 are shown as a function of time, This SEQ
occurred early in a simulation when the pre-SEQ stresses on hlocks
42-45 were equal, After the SEQ the stress on the moved blocks has
been reduced while the stress on the adjacent unmoved blocks has

risen,

Event plot for simple elastic force maodel with K/ = 1 x 10'7 dyne/cm,
K, =56x 10'" dyne/em and f; randomly distributed in reage (2 £ 0.5) x

1029 dyne.

Event plot for simple elastic force model with K and K, as in Figure

3 but f; randomly distributed in range (2 + 1) x 10°? dyne,

Event plot for simple elastic force model with K| and K, as in Figures
3 and 4 and f} =3.16 x 10?7 exp(-(i - 25.5)/24.5)° - 0,16 x 10%"

(dynes).




FIGURE CAPTIONS (Continued)

Figure 6, Event plot for simple elastic force model with K| and K, as in Figures

3-5 but !; randomly distributed in range 0 <f} < 1 x 10°" dyne,

Figure 7. Event plot for viscoelastic force model with time dependent friction,

‘The parameters of the siraulation are K| =1 x 10'", Ky = 3K, K

=1x10'7, K, =3K;, 1x10*° dyne <f/(t,) <3 x 10*° dyne, g

= 0.981{(t,), f}(t)=1f}(t;)[1 +0.021 log(l +t - t)].
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Figure 1. Mechanical block representation of fault,
the friction surface is coupled to nearest neighbors and to the driving plate which

moves to the right with velocity u. (a) elastic coupling clement - perfect spring
with spring constant K. (b) viscoelastic coupling with spring constants K and K,

and dashpot viscosity 7.
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Figure 2, Example of a two block SEQ. The displacement velocity, and accel-
eration of blocks 43 and 44 are shown as a function of time. This SEQ occurred
early in a simulation when the pre-SEQ stresses on blocks 42-45 were equal,
After the SEQ the stress on the moved blocks has been reduced while the stress
on the adjacent unmoved blocks has risen,
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Event plot for simple elastic force model with

K;=1x10'7 dyne/cm, K; = 5 x 10'® dyne/cm and f}
randomly distributed in range (2 + 0.05) x 102° dyne.

23

e e e P P e e S L e e e e B e, e g D e L e e e e e (D e e e e B S e e e
- - - T T e e e e e

-
LSy

H

L33

- ~U.“..hhb=.“.-b—-- -
PSPPI A A LuE VEN"N PP L ONLPrICaP~D

e = g e B Ry -
o;u-nu.wo.wnﬂu.h ~

“w

L etad L. ]
Oﬂﬁzhﬂﬁ.

H

e
=m0




i i )

fi

01 !.nalos::nn
.

18§ 12312028

304 Y A%864)TAD

b dodamiablvn

,8. Va0 9067%3%90D

307 1,A97TAATHD

308 Y,20€40% 1D

309 3.,92335%19D

316 1.,92%4869200

311 3

12 )

i

T

3

"M

nr

i L]

e

3.0

Add

122 0% 1967D

323 AGI6HR00D

328 4L104T0A%AD

32% 4«111ACHQ1LD

126 113723870

zr | 29278050

128 18925870

L R T
330 as19'2¢2670
331 4191253360
32 a ”

3al 4,27492a500
342 w2803 713195D
343 a,2m| 342070
344 A L29R3ATI9D
b helbAnalado
3ak A, |4ARRATD
3AT7 4327201080
Sam 4 ,3VWOSTTID
3a4G 4, 376260€10
350 A NanTIS 18D
3% A,'52485168D
A52 A, 37STIASTD
483 ALdALaGELIL
1% 4,3192208598D
IS 4, 195098760
388 4,4017319CT
357 4.ATATILD
ISH A,a2¢AG94TD
150 4,4 37929400
A6D Aa.4485620240
Aei sesssfeddl
362 A ATIREBAAD
61 44472518850
I64 S ,4A704GTAD
365 A,aR25a%11D
J66 A.apraeTS00
367 4,.512026550D
3oH 4,528080R20
AB Agm VAL a T
AT0 4,5%24 29660
371 4.5%%CT74D
AT? 4 .5643€ 116D
373 a.5%9022620
374 4,57121348D
I7% a.n01858520
376 4.,60'M%1110
AIT LehCARITING
A7H 4 .ACHITAGSD
AT9 a.nl2146A9D
IO A A1TRALIAAD
3481 45190 F068D
IA2 A,A26137690
3B ABIS7CTCAD
JR& a,5Ma52471D
-

AR 4o
JBH ag,l)IBaSaAD

3BT 4L.T1129297D
IBB A,TI1A1BETD
IRY G4T2456ATI0D
390 4.7 33666030
391 a,TaCaaTHaD
IN2 A LTI89G24 20
AP D by P AARE B G
194 A, THSTESTID
3OS Geb) 19 336ND
I9H A4 RZ1069250
29T 4.4 1B945D
J98 4,452725410
39 ALeTCALASCD
400 4.A9N8BBHD

Figure 4.

;-'---ﬁ--ﬁ-:-————w-.-ﬂﬂﬂ--tﬁﬂ-“-ﬂbﬂ-wﬂ-

-
COOOOOOPOOOG

fana

-

ooooooabooouﬂ@b‘ﬂﬂooﬂa000000000:0000000.0“00300;
T !
|
-
»

LR

f0000C00®O0O0C0O00

LA A

[-Tal-T-T-T.7-¥-I-2-¥-1-F-1-4-1

i
»

-
[-1-1-F-T-T-1-]

LA

LR RS

LR RN

L33

|
[
L]
(
LT [
L]
{
(
R
(
L)
i
|
x
o s
]
‘
i
{
{
]
(
{
x{
{
[}
i
{
{
{
i
{
i
]
(
1
x L]
XK i
t
(
‘
L i
|
x
L]
L)
K
X

i
{
4
(
(
-

x
XK 1
{
{
{
{
(
(
(
]
{
X {
L]
{
xd
{
]
i
{
(
{
{
x {
Lt ]
{
i
t
x t
(
{
XK 0
i
I

T T . T e N e L Ll e T e I e L T L L e e e Tl i R L Lt L i Rt e L L

-

-

- W

Event plot for simple elastic force model with
K| ard K; as in Figure 3 but f{ randomly distributed in
range (2 + 1) x 10?° dyne.

24

CrONPCPNCDH2BO P OVEP =R YD

o Dnu.ou-un‘ - —unuu-ou.-i:h’n- L "]
» ~

BaNm=w=LONe N

L]

—ﬂuﬂoh-uaﬂuﬂﬂﬂg

L L Y
i

-
-

>
~09us~wtNSINRO

NEPPu=EN




T — A w— e

i

s -~ :.l‘.nu- LE L
- LN

-,..-.:- At R 4+ §pett -1 ’-.. -

s mmmm.. -
R

bttt 4

- - - -
e e L T
-

e -

D PO YD RS
-

-
-
.
- . -
- - -
- - -
- H :
- -
. . - .
- - - - -
- - - -
- - - -
- . - -
- - . .
- - - -
- . -
- - -
- L - -
. .
B - -
- -
o =
H
-
-
-
- H
- - -
- - - -
- . - -
- - - -
- - - -
- - - -
- - - -
- - - .
- - . - =
- - - - -
- - - - -
- - . - .
- - B . . -
. - - - - -
- . - - . -
- - - - -
- - - - H
- - - - - -
- - - - - -
- H - - B -
- - -
- -
- ——— e S e - A e B
O e ML ML B MR MY U SRR R LYY S U Y AR UL YO RSB Y LB UL YUY O

o 0 0 0 0 20 00 2 0 0 20 e 0

!25!!9 !lﬁilﬁﬁﬂ BP!°!Ea'l'ﬁi?UtiffﬁiﬂﬂEEtiﬁECC?SES!B?ERQEEFERCEE°EQPEERQﬁE‘89?93!?’3 agy
v
.—- CO

+

2.T50G0Te

Ldt ettt LA S LL Sl £

Ouvuruuq.oto-t-tp-o-mutﬁn.u.ﬁ-:g
P mam® Pl iy o mgiyteem e

-
0y e @y O

- - .-

- -
Siotetepaiieiteteibeintatitaietetaaiatefeed e =

e w e e e T - - —
= -
- - -
- - - - -
- - - - - - - - -
- - - - - - - -
- - - - - - -
- - - - - - Al
- - - - - -
- - - - -
- - - - -
- - - -
- - - -
- - - -
- - -
- - -
- - -
. - -
- -
- "
- -
- -
- -
- -
- -
-
-
- -
- -
-
-
-
- -
- -
" -
-
- - -
- - N -
- - -
- - -
- - - -
- - - -
- - - - -
- - - . -
- - . - - -
- - - - - - -
- - - - - L
- - - - -
- - - -
- . ——— —
uuvvvzvouuvuuuvuuvuuuuwuo o PN BV O L MO UL YL B UL DO UE D S o
D R e prpp—— T i e s R e 1

522222929922
ruvan
v--—ou P..l --—w
St b P 1
- -

£es Et"ﬁcﬁﬁ" Shegrces EQ&E&QPEREEFEREQSHE!!“
lh '

gesve ey

s -
e o 0 U AL P 9% P

R R R = e L ]
- .y . ..o ., -

- —

L et

K; as in Figures 3 and 4 and

3.16 x 10°° exp(-(@ - 25.5)/24.5)% - 0.16 x 102° (dynes).

Event plot for simple elastic force model with K

Figure 5.




SeRIRRSSIATS

mrsmamssnsenss

-

-
-
-
-
-
-
- -
- -
- -
-
- -
- -
- -
- -
- - -
- - -
- -
- - -
- - H
- - -
- - -
- - - -
- - -
- - - -
-
-
- - -
" - -
. I a

ety ety eyl eyl el
- - - -

¥ BSSQ!CIQES?EP“NBQGQ LRI?:Q!E‘P!H!B?

ehow DU
.

b‘-u-
o ks

u,!.
et asssess "
LTI

pupee= "y
W -t

Areashedatmerstsiebuned s008
Temmige S -

-
el

- A, - .-
LR B e

e

Wb A a4
e ==

e[+ 4 o (4 b

- - -
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
- - -
- -
-
-
-
- -
- - -
- - -
- - bl -
- -
- -
- -
- -
. - -
- - -
- -
- - )
et -

MUV BULBLOLOLULOU BB e
P Sppupuippup e =ittt

8??!&98‘-"%88!&3Ei'ilﬂtﬂkﬂcﬂ i?ilglt!g l"l!lﬂl!le

U. U-ﬁﬁ'n
5;3

"

-
gony
fy
-

(Continued)

2.

bt 44 A s A b b Bl 4 S 79t Ao |
-y tEerriig @ - .

e LT L]

mmamn .-
- P @ e

SEEEREL SR A S Lk sl
- H -
3 ] ]
- - - -
: H .
- - -
1 : "l .
g - .
H - -
5 : i .
= . - .
- - . . .
" . . .
« . . - .
" . » e =
. . . » -
. " . ’ =
. , ; . :
= . . a . 1
3 = . - «
. . . ’ wl
. - H .
» .
- 3
- -
- -
s | |
3 g
. 2 . :
% 1 - " »
- " “ 2 .
= . . - .
" i » . =
a S . i »
F . 3 . "
P . . . -
. " P . "
. 5 . . £
x ’ G ” . -
- - - - - -
- - - - - -
: : 3 &
: : -
: 8 -
- g . -
. - . -
8 g ‘ 5
5 - = =
" " - g F = . 3
B T u— SN - 2 2 = [ ]

et L bl T L T PR TPEY SYVR PP
5 e e

186 J.EERCISCOD
1T Y . FIPSFTETD 1T

D L e L bt
____,-__,._____-_-.._,._,,_,__

26




5 .Olﬁﬁ.SISCEQIQS,Iﬂ?'9!.'..‘07'0!«f!l""!ﬁ“!'J.78I‘Dl.!ﬂ.ﬂ!!!ﬁd!&’l!.,-5
e e e e T R L L & L T N L N -4

e 0, B B, ., e P B, O 0 . . B . 0, S B, A s o, . .
-y T g g g g T T ) o ) P o o ) O - NN R -

T
- -
-
- - -

-
-
- - - - -
- = oW - - - - M M EEEE W W - - - -
- .
-
-
- - -
- -
-
-
-
- -
- -
- -
= -
- - x = - -
-
-
- - -
- - - - -
-
-
-
-
- - - - - -
-
-
- -
-
- -
- -
- -
PP PEVY UL VIV IV OV VIV RV VIV O TP IP PPV IRV RC AVl rrertret ey TSR
CPOCUOOLULVOUDOUOULODLOUCOOOUTUOCORO00OLULODUVOUUOOlDSUUUNODDDWED COOUOCLOO
o e
CRCC O R R it eRRl R RiRRrBLRIREPRCLERERRRCEGREAEREBFOECEE
AR E OIS =l r P AN O UL SRR QL U=l P =" PR el e ALl =R U N =W N e NP RO O W
- e O 13 el
L b A fenaen
veanrue LaCw
l" L LD
~ - ~ve
Lt -
R ..
- e
—— . . C=wMes PR =""
vecseocov el D -t o
g, B LT A S 1

l

I

|
1

I

!|

Il ||1 L

2 4 6 8 10121416 18 20 22 24 26 28 30 32 34 36 38 40 42 44 46 48 50

o @~ ®© e MmN T O

(2uAp _ OL) NOLLDINS

4

BLOCK NUMBER

Event plot for simple elastic force model with

Figure 6.

randomly distributed

" .,
f -
me
2%
w0

]
2
@3
o
8o ~
-
IV
L & Sy
w
aVv
—
=i
R
B
¥ 8

27




a0
Jo2
j01
304 o
0% 3
106 -
07 1
on 210
0% 2a10
10 230
1] SHo
] o 10
s 180
18 2 STD
16 “o
W L] -0
. L] <o
L 9 »o
320 900406 64 0
a2 908268130
122 FOA268 360
123 921824180
32a RZTHZA D
TelaseD
7680
3o
asl D
Iso
™D
TSTD
Tean
7830
amo
1e 484280010
A6 1590288010

237 1.98a. 6850
S EF6O 68D
St E66 20

B3
[-3-1-}

5

178 2.071912 BaD
378 2,07 #3030
176 2.0%1 933 CoD
117 2.081533140
e 1.0910::1.!0

38 2.C91A51C30
38T 2.094%64 180
188 2.094344420
189 2.097524 MO
390 2.097524 580
391 2.0982a88TD

396 2.1029908AD 09

AST Z2.107%91 ML
398 2.107%%200
399 2.,108047810
400 2.10R0a810D

Figure 7.

L
LLES

L)
"

X
KMx

L1}
L1
L)
L]
L]
L]
L]
L]
EEEN
L]
L: )
L)
L]
L]
L1
L
L1}
L]
L]
L}
AEEN
L]
AEEE
LR ]
L]
AANK
LY
L3
LL)
L)
L]
L]
L]
KK
L]
LR
u
L1}
LELL ]
"
LL)
KRN
NN
MEEKN
L1}
L]
L]
L)
L
L}
ANEK
"
L1}
x
L]
x
L]
u
L]
ax

v, = 107 seconds

‘
T
) a8
1) e
i
{ l’:
(Il
(L) ias
i 2) s
- s 1
1 )
3 y
{ 3 s
i &) as
1 -
<
2) 28
21 s
2) ar
f .2
i i
1.
1) 3a
"3
3
L1
o
2
4 4
3 é
1]
i
a2
o2
a2
LT
0w
&) e
i e
4 a2
iy 3
2) %0
2 »
3N ar
3 ar
1) a3
L) a3
8 12
oz
1 °
P 5w
t 2) 3
[T . 4
»n ar
Loar
2 26
4) aa
1) as
<
3
k]
i
5
2) 3a
1) 3s
s s
«“a s
1) &
i« 3 s
3 a8
a) a9
3 s
1) 1s
{« 1) 1?3
1) s
3 is
P a2
) oa2
r n
r 31
( &) 28
i 2e
r 29
) am
L
| R, |
) 2a
i 2a
(1) a7
1) ar
tna
a2
I a3
) a3
bl
o
t 7, &
t 1y s

Event plot for viscoelastic force model with

time dependent friction.

ulation are K

The parameters of the sim-
i =1x10'® K> =3K;, K; =1x10'7,

Ky = 3K, 1x 102 dyne < £t ) <3 x 102 dyne,
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Figure 7. (Continu.q)
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| APPENDIX ‘

SCALING LAWS

The results of a simulation can be scaled according to the following relations

derived from Equation 2,

|
) Given: the results from a simulation performed with independent parameters

F ol
Define:
= Bf (A.1)
K = CK' (A.2)
m = Dm’ (A.3)
Then:
B,
X =y (A.h)
C
: RET
= = - (A.5
X D X )
L e
X ™ =¥ (A.6)
D
5
t0 = ‘/’(; 10 (A.7)
{
At =—£ At (A.R)

where At' is a time interval associated with block motion. We have assumed

O K t(',.
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