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1. INTRODUCTION

Previous earthquake occurrence models have assumed
either spatial independence or temporal independence
or both. Earthquake events can be assumed to be
spatially independent if the rupture zone occurs
randomly along the length of the fault. A wide variety
of earthquake occurrence models, including time- and
slip- predictable models, assume spatial independence
(Anagnos and Kiremidjian, 1984; Kiremidjian and
Anagnos, 1984). Temporal dependence is the property
of the interarrival time distribution being the same
throughout time. Poisson models assume temporal
independence (as well as spatial independence) and are
concerned only with the rate of earthquakes and not
with their clustering. The assumption of spatial
independence may be reasonable for characteristic type
earthquakes, and the assumption of temporal
independence may be reasonable for small magnitude
earthquakes. However, for large magnitude events
(approximately moment magnitude 6.5 and above)
occurring infrequently along long faults, the evidence
indicates that the assumptions of temporal and spatial
independence are not valid.

It has been recognized that long faults do not rupture
completely during a single earthquake. This has given
rise to the concept of fault segmentation, which
attempts to divide a long fault into segments, each of
which is capable of rupturing independently. There are
studies suggesting that physical controls in the fault
zone define the ends of segments, and that these
segments persist through many seismic cycles
(Schwartz, 1988). Thus, it can be hypothesized that
earthquakes do have a spatial correlation because the
rupture zones depend upon the physical controls
governing the segmentation rather than being
uniformly distributed over the Jength of the fault.
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These observations highlight the need for a fault
behavior model that includes both spatial and temporal
dependence. In this paper we present such a model
based on generalized semi-Markov process theory. The
model is applied to the northern portion of the San
Andreas fault.

2. GENERALIZED SEMI-MARKOV PROCESSES

The fault behavior model is specified as a generalized
semi-Markov process (GSMP). A GSMP is comprised
of one or more state variables that take on different
values to describe the process as a function of time. A
GSMP moves from state to state at random time
intervals, which makes it particularly useful for
modeling earthquakes. The theoretical formulation of a
GSMP is treated extensively in Haas and Shedler
(1985) and in Iglehart and Shedler (1983).

A GSMP is more general than a semi-Markov
process. In a semi-Markov process, the probability of
going from state i to state j depends only upon the
states i and j; while in a GSMP, there are several
different factors that affect this probability. The times
between state transitions in a semi-Markov process
form a holding time distribution that again depends
only upon the current state and the next state. In the
GSMP, not only are the states important, but the
mechanism causing the state transitions also plays a
role. While a GSMP retains the semi-Markovian
property of moving from state to state, at random time
intervals, it introduces a new level of complexity that
makes it applicable to a wide range of problems,
including the problem of modeling fault behavior.

A GSMP has other properties that make it useful for
the problem at hand. A GSMP can have a complex
state of state space copmrised of many state variables.
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Figure 1. Model of the northern San Andreas fault with 20 km cells.

The basic physical quantity that the fauli behavier
model will track is the accumulated slip. Since it can be
calculate from the slip rate and the elapsed time,
accumulated slip is a convenient variable i¢ d2ecribe
the state of the fault. In addition, the slip released
during an earthquake can be directly related to the
moment release and thus the moment magnitude of the
earthquake. Since the model is to have spatial
dependence, it must keep track of the spatial
distribution of accumulated slip. The use of a complex
state space will make this possible by discretized the
fault into short cells. The amount of slip accumulated
on each one of these cells will then be represented by
one state variable. The array of state variables defining
the state of individual cells represents the state of
accumulated slip on the entire fault.

3. FAULT BEHAVIOR MODEL

In order to develop the GSMP that will underlie the
fault behavior model, a fault or a fault segment capable
of completely rupturing in one earthquake is assumed
to be composed of L subsegments with homogeneous
properties (slip rate and earthquake interarrival time
statistics). Each of the subsegments is further divided
into cells of uniform length such that the entire fault is
composed of N cells. Figure 1 shows a model of the
northern San Andreas fault that was suggested by the
second Working Group on California Earthquake
Probabilities (1990); it has been discretized onto 30 km
cells. The smallest earthquake simulated by the model
corresponds to a rupture length of one cell. The fault
behavior model traces through time the slip
accumulated on each cell and the amount of slip release
on each cell due to earthquake occurrences.

Define {X(t), t 2 0} to be a stochastic process
where

X(D={(A1(1), B1(®), (A2(1), Bo(1), ...
(AN(), BN(D)} (€))

Each cell j has two state variables associated with it,
Aj(t) and Bj(t). At time t, Aj(t)=k if cell j is capable of
rupturing k cells. This means that at time t, there is
enough slip accumulated on cell j to cause a rupture
with length of k cells. Since j is an index on the cell
number, it can assume values from one to the
maximum number of cells N. The number k refers to
the number of cells that cell j can rupture, so it can
assume values from zero (no rupture is possible) to N
(the entire fault can rupture). An empirical relationship
between average displacement from an earthquake and
rupture length is used to relate the rupture length of a
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cell to the accumulated slip (Wells and Coppersmith,
1991). In this relationship it is assumed that the
accumulated slip on a cell can be represented by the
average displacement of an earthquake. At any time t,
the value of Bj(t) is either 0 or 1. This state variable is
needed to strictly formulate the model as a GSMP.

All the values that the process X(t) can assume form
its state space S.

S = {((a1,b1), (az,b2),(an,bN)) €

(0.1, ... N} x {0,1}N} 2)

Equation 2 sates that each of the aj variables may take
on values in the set {0,1, ... N} and that each of the bj
variables may take on values in the set {0,1}. (The
lower case aj and bj are used, rather than the upper
case Aj(t) and Bj(t) used above, to denote specific
values of the state variables, rather than their values
through time.) There are no restrictions on the
permissible values of the state space as defined above.

In order to determine how and when the process
X(t) moves between states, it is necessary to enumerate
the event set E, which contains all the different events
that can occur in this process. Each event is scheduled
by simulating a random number from a distribution
describing the time it takes for the event to occur. A
clock with this amount of time is set for the event and
as the time passes this clock will always show the
amount of time remaining until the event occurs. The
event that triggers the state transition will be the one
with the shortest amount of time on its clock, i.e. the
first to occur. The event set E for the fault behavior
process is

E = {e11, ... N1, €12, -.. €N2, €13, ... EN3 } 3

For each cell j, the event ej; is the event that cell j
increments by one the number of cells that it is capable
of rupturing. This occurs when enough time has
passed that the cell has accumulated enough slip to
rupture a length of fault that is longer by the length of
one cell. For each cell j, the events ejs and e;3 are
events that cell j triggers and earthquake.

When the process X(t) is in a given state s (that is of
necessity a subset of the entire state space S), the
events that can occur and trigger a transition onto the
next state must be determined. This set of events E(s)
is a subset of the entire event set E defined above. The
event set mapping tells how to determine which events
are in E(s).



For s = {((a1,b1), (az,b2),(an,bn))} € S:

ej1 € E(s) if and only if &; - "N
¢j2 € E(s) if and only if bj =0
ej3 e E(s) if and only if bj=1

@)

Thus for each cell j, the events €1 is scheduled unless
there is already enough accumulated slip on cell j to
rupture the entire fault. Event ej2 is scheduled when b;
=0, and the duplicate event €3 s scheduled when b; =
1

Since the events to be scheduled in the current state
have been determined, it becomes necessary to specify
how to set the clock for each event. For events ¢j) the
clock is set deterministically according to an empirical
equation of average displacement versus surface
rupture length. Dividing the average displacement by
the slip rate yields the amount of time it takes for
enough slip to accumnulate to rupture one cell. In order
to determine the additional amount of time it takes to
accumulate enough slip to rupture m cells when
currently m-1 cells can rupture, the time to rupture m
and m-1 cells is determined in the same manner and
then the time increment is applied.

To set the clock corresponding to event ;2 , it is
necessary to determine if cell j triggered an earthquake
to cause the current state transition. If so, then the
clock for ej2 is set by simulating a random number
from the distribution Dj, which is the distribution of
times between cell j triggering an earthquake. this is
not the same as the distribution of interarrival times for
cell j rupturing during an earthquake because cell j can
break due to another cell triggering rupture. As will be
explained later, the mean and standard deviation of Dj
are determined by trial and error based on the estima
mean and standard deviation of the earthquake
interarrival times. Dj must have only positive values so
it is assumed to be lognormal, though other
distributions, such as Weibull, could also be assumed.

Setting the clock corresponding to event ej2 when
cell j did not trigger an earthquake is similar. When cell
j breaks and bj = 0, events ¢j3 is scheduled by
simulating from JDJ'. If bj = 1, event ej2 is scheduled. It
becomes unnecessary to know if a given cell that
ruptures triggered the transition if €j2 and ej3 are
alternatively scheduled for all cells that break.

The clock speeds for the process are specified as
unity. Unit clock speeds signify that the clocks run at
the same rate time does; thus a clock setting equal to
5.0 years will take exactly 5 years to run to zero.

The final component that must be specified to
completely describe the fault behavior process is the
state transition mechanism, which is summarized by
the flowchart ‘given in Figure 2. The state transition
mechanism tells how the new state s' of the [process
X(t) is determined when the old state s and the trigger
event set E* causing the state transition are known.

The above information completely describes the
GSMP underlying the fault behavior model. To
simulate the model, first set all the state variables to
zero (aj =0 and bj =0 for all j). Then determine which
events can occur in the present state using the event set
mapping. Schedule the events using the event
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Are there sny type
events in E*?

No

2 Yes For each cell j for which

there iz an event ej) :
ay (ins') = ay (dns) + 1
v \_ Remove 'jl from E*.

Are there sny type 1
events remaining in E*?
Yes l"“

A END

17 there 1s more then
one type 1 event in E*,

randomly choose one.

v
Choose the cells that
rupture using the rules

for rupture.

Determine how many cells
have a ) > 0. Call this

number m.

A y
Remove the type 1 event Set ny (in ') =
that has just been o
"‘{l’ (ins) - m

simulated from E°.
b,(in ') ~ lb,(ln s) - 1)

for all cells
that rupture.

Figure 2. State transition mechanism.

scheduling mechanism. Find the trigger event by
looking at the clocks for all the events that are
scheduled and locating the one with the shortest time.
If more than one event occurs simultaneously, the
trigger event can be a set. Advance the time of the
simulation by the amount of time it takes for the trigger
event or trigger event set to occur. Find the new state
using the state transition mechanism. If the simulation
is to continue, return to the step where the events that
can occur are determined from the event set mapping
and go through the cycle again.

4. APPLICATION OF THE FAULT BEHAVIOR
IIE'IODEL TO THE NORTHERN SAN ANDREAS
AULT

As an example of its application, the fault behavior
model will be used to simulate the behavior of the
northern section of the San Andreas fault, which
ruptured as a whole in 1906. The fault depth will be
assumed to be 20 km throughout; the assumption of

Table 1.Parameters for model application to the

northern San Andreas fault
Sub- siip Cell Input Input | Output | Output | Wk Grp VK Grp
seg. Rate Size Mean |Std Dev] Mean |3Std Devl Hesn |3td Dev
1 | (em/yr) | (km) (yr) (yr) (yc) (yr) (yr) (yr)
T 15 70 [¥H] 73 738 ] o | 7 73
2 15 20 230 50 140 s7 138 40
3 15 20 100 30 83 21 84 24
—_—

T 19 20 a0 75 | 237 118 237

2 19 20 300 so 135 n 138 w0
3 19 20 105 30 (] 24 84 24
1 23 20 395 00 232 i) 237 73
2 23 20 2000 0 101 ] 18 )
3 23 20 105 30 a5 24 [ 24
T 15 30 45 75 241 111 37 73
2 15 30 250 s 16 [ 138 a0
3 15 30 06 20 85 21 [ 24

et
1 19 30 71} 75 241 118 237 E2]
2 19 30 600 100 120 L] 138 40
3 19 30 [ 20 83 23 84 24
- SO SERATIE S

T F3] 30 %00 % FED) s ] 7 | 7
2 2 30 2000 0 92 37 FET) A0
3 23 30 °7 22 84 24 [ 24




fault depth affects only the magnitude of the
earthquakes that are simulated, not their occurrence in
the simulation. Results are presented from eh 30 km
long cells shown in Figure 2. Table 1 summarizes the
parameters used in the application of the model. The
second Working Group (1990) estimates the slip rate
for the northern San Andreas to be 19 + 4 mm/yr, so
results will be compared using slip rates of 15, 19, and
23 mm/yr. For each subsegment, given the slip rate
and the cell size, the input mean and standard deviation
shown in Table 1 are the parameters of the lognormal
distribution used to describe the time between
earthquakes triggering on each cell of the subsegment.
The output mean and standard deviation are the actual
values measured when the simulation runs for a long
period of time (1,000,000 years in this example). The
input mean will always be the same as or larger than
the output mean because cells can break when rupture
spills over form an adjacent cell. For comparison, the
estimates of the mean and standard deviation for each
subsegment given by the second Working Group are
provided. The input means and standard deviations
are obtained by doing short sample runs and adjusting
the input parameters to give output parameters that are
reasonable.

Figure 3 shows the number of events with a given
moment magnitude (My) or greater per year and was
generated by letting the simulation run for a period of
1,000,000 years. My, was calculated from the moment
release Mg, which was calculated from the slip release,
using the equation (Hanks and Kanamory, 1979:
My = (2/3) * log (Mp) - 10.7 ©)
where My is measured in dyne-cm. Note the relatively
flat slope of the lines up to a cut-off magnitude, at
which the number of earthquakes per year falls off
rapidly. The largest magnitude earthquake generated
for all six cases falls between My, = 8 and My, = 8.2,
which is consistent with the assumed magnitude of the
1906 earthquake. The cut-off magnitudes are a
function of the slip rate used and, to a lesser extent, the
size of the cell. For a given cell size, the 15 mm/yr slip
rate has the lowest cut-off magnitude and the 23 mm/yr
has the highest. Since the interarrival time means
remain the same when the slip rates are change, it is
logical that the lowest slip rate would have the least slip
accumulated and hence the smallest cut-off magnitude.
The effect of the cell size is small but is most
pronounced at the smallest slip rate; it shows that the
longer cell size is associated with the larger cut-off
magnitude.

Table 2 shows a comparison of the probabilities
predicted by this model with those estimated by the
second Working Group. The table contains the
probability of rupturing more than 50% of each
subsegment during the 30 year time period from 1990-
2020 for each combination of cell size and slip rate.
For subsegment 1, the Working Group estimates the
rupture probability toe 0.02 while the fault behavior
model found the probability to be virtually zero. this is
not a large difference, especially in view of the fact that
the Working Group does not consider differences of
probability less than 0.10 to be meaningful. There is
significant disagreement on the probability of rupturing
subsegment 2, however, that reflects a difference in
how the subsegment is viewed. In the Working Group
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Figure 3. Cumulative number of earthquakes per
year as a function of My.

report, this subsegment is noted to have ruptured in
1906 but not in the Loma Prieta earthquake of 1989.
Based on the relatively small amount of slip released
on this transition segment in 1906, the Working Group
feels that subsegment has a good chance of rupturing
in the next 30 years. Most of its ruptures are triggered
by a rupture on an adjacent segment that spills over
onto the transition subsegment. Since the fault
behavior model shows a very small probability of
rupture on subsegments 1 and 3, there is consequently
a very small probability of rupture on subsegment 2.
Both the Working Group and the fault behavior model
find the probability of rupture on subsegmerit (which
ruptured during the Loma Prieta earthquake) to be
virtually zero within the next 30 years.

Figures 4-6 show the probabilities of each cell
rupturing within the given time frames (50, 100, and
150 years) assuming 30 km cells and different slip
rates. Note that the probability of an earthquake
anywhere on the fault within 50 years is 0.07 when a
slip rate of 15 mm/yr is assumed while it drops to 0.02
when a slip rate of 19 mm/yrt is assumed. The reason
for this is that the interarrival times are kept constant
even when the slip rate is changed. When the slip rate
is higher, more slip will be released in each earthquake
and hence more cells will break. This means that each
cell must have a higher input mean to keep the overall
interarrival times the same. Because of the higher
means, fewer earthquakes occur, but when they do,
more cells, break. The effect of cell size can be seen
by comparing Figure 5 with Figure 7, in which the cell
size is 20 km. The overall probabilities are similar for
the different cell sizes, but with the 20 km cells, there
is a more gradual transition form the low rupture
probability cells at the northern end of the fault to the
high rupture probability cells at the southern end.

Table 2. Comparison of fault behavior model
probabilities of rupture to Working Group estimates

| Subsegment # 1 2 3

USGS Eﬁculax 10531 0.02 0.23 ~0
20km cells, 15mm/yr ~0 0.033 ]0.0001
20km cells, 19mm/yr ~0 ~0 ~0
20km cells, 23mm/yr ~0 ~0 ~0
30km cells, 15mm/yr ~0 0.0111 ~0
30km cells, 19mm/yr ~0 ~0 ~0
30km cells, 23mm/yr ~) ~0 ~0
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on the northern San Andreas fault with a slip rawe of
15mm/yr.

1.0

g: T| B150 yr [] Prob. rupturing y

¥ Many part of fault
20.7... %100 yr H = 0.02 in 50 yr /%
30 M msoye oS00 4%
B i
& 0.3

:

% e i

L) ©w
® ~
N ™ L3

405

w
el
-
cell mid-point (km)

Figure 5. Probability of rupturing each 30 km cell
on the northern San Andreas fault with a slip rate of
19mm/yr.

1.0

0-9 4 M150 yr [ Prob. rupturing

0.8 4 any part of fault
0.7 - %100 yr | = 0.03 in 50 yr
3 0.6 4 = 0.77 in 100 yr
_~§ 0.5 | Wso yr = 0.99 in 150 yr
] 0.4
|7
o~

Dist. along fault of cell mid-point (km)

Figure 6. Probability of rupturing each 30 km cell
on the northern San Andreas fault with a slip rate of

23mm/yr.

5. CONCLUSIONS AND FUTURE WORK

The presented model attempts to describe the behavior
of faults that generate spatially and temporally
dependent earthquakes. The model has assumed
throughout that there are not stress effects; that is, the
rupture of one part of the fault does not put any
additional stress on the other parts of the fault. The
second Working Group incorporated stress effects
from the Loma Prieta earthquake into some of its
probability estimates. In addition, stress effects have
been included in other synthetic seismicity models
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Figure 7. Probability of rupturing each 20 km cell
on the northern San Andreas fault with a slip rate of
19mm/yr.

(Ward, 1991a,b) It seems reasonable to investigate
further the possibility that the current model should
include such stress effects.

The current model is a one-dimensional approach to
the problem of earthquake modeling. It assumes that
the entire depth of the fault breaks for each cell that
ruptures. This is not an entirely valid assumption, as
can be seen by the fact that no surface ruptures was
noted for the 1989 Loma Prieta earthquake (Plafker
and Galloway, 1989). A two-dimensional model
could take into account such fault behavior and should
be investigated.

To use the presented model to estimate site-specific
hazard, a ground motion model could be used to
predict the ground motion parameter of interest at the
site each time an earthquake is simulated. After many
simulations of the fault behavior, it would be possible
to construct a graph of the values of the ground motion
parameter versus the probability of exceeding the
parameter, thus giving a measure of the site-specific
hazard.

Finally, in order to estimate site-specific hazard in
an area as tectonically complex as the San Francisco
Bay Area of California, it is not sufficient to simply
consider the hazard from the nearest fault. The
Hayward, the Calaveras, and the northern San Andreas
faults all exhibit behavior that could be simulated by
this fault behavior model, and any estimate of site-
specific hazard should take into account all three faults.
In addition, numerous sroaller magnitude earthquakes
that would be damaging to structures located near the
epicenter occur. Another model, perhaps a Poisson
model, should be used to model the occurrence of
these smaller earthquakes. Only by combining the
results from both models will a picture of the total
hazard at the site begin to emerge.
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