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SEISRISK IlI:

A Computer Program for Seismic Hazard Estimation

By Bernice Bender and David M. Perkins

SUMMARY

SEISRISK Il is a revision of SEISRISK Il, a2 com-
puter program for seismic hazard analysis, described in
Open File Report 82-293. Specifically, SEISRISK Il and
SEISRISK Il were designed to compute maximum ground-
motion levels that have a specified probability of not being
exceeded during fixed time periods at each of a set of sites
uniformly spaced on a two-dimensional grid. The principal
differences between SEISRISK Il and SEISRISK Il are:
1. SEISRISK Il assumes that seismicity within a seis-
mic source zone is uniform; that is, each point within a
source zone has the same probability of being the epicen-
ter of a future earthquake. This assumption means that
the projected rate of earthquakes changes abruptly at a
source zone boundary: an effect of such a change in seis-
micity is that calculated probabilistic ground-motion lev-
els may differ substantially at sites a few kilometers apart
near a boundary. SEISRISK Ill retains the concept of seis-
mic source zones but allows earthquakes within a zone to
be normally rather than uniformly distributed. This al-
lows some of the earthquakes that previously would have
occurred within the zone to occur outside the zone, per-
mitting seismicity to vary smoothly across the boundaries
of the zone. The result is that calculated acceleration lev-
els also vary more smoothly at sites near a boundary.

2. SEISRISK lll does a partial “magnitude smoothing”
that treats the "closest distance” ruptures as if they oc-
curred over a range of magnitudes. In the fault-rupture
model employed. ground motion (for example, accelera-
tion) at a site resulting from a rupture along a fault is
regarded as a function of closest site-to-rupture distance.
This means that for the longer ruptures associated with
higher magnitude earthquakes. a substantial fraction of
the possible ruptures of a given magnitude along the fault
may be at the same (closest) distance from the site, and
the same ground-motion level will be calculated for all of
these ruptures. Because the computations are performed
for a discrete set of magnitudes, the ground-motion lev-
els produced by the ruptures at closest distance for each
of these magnitudes will be calculated as occurring more
frequently than other ground-motion levels. This has the
effect that the calculated probability of exceeding a spec-
ified ground-motion level does not vary smoothly as a
function of ground-motion level. Increasing the number
of magnitudes at which the calculations are performed re-

duces these irregularities but increases the computation
time. By treating the closest distance ruptures for each
magnitude as if they occurred over a range of magnitudes,
SEISRISK Il smooths the acceleration densities resulting
from these ruptures.

3. The fault pattern may be quite complex within an ac-
tive fault zone, and faults may be spread over a wide area.
In both SEISRISK Il and SEISRISK IlI, “artificial” paral-
lel faults may be modeled when the presence of faulting
is inferred from geologic considerations, and the orienta-
tion of the faults is assumed to be known. I a series
of equidistant parallel faults are input into the program.
SEISRISK 1ll can do a partial “distance smoothing” to
simulate a finer spacing between faults in order to better
approximate a uniform distribution. (SEISRISK Il did not
permit this smoothing.)

4. Both SEISRISK Il and SEISRISK Il calculate prob-
abilistic ground motions at all sites resulting from earth-
quakes in a single source, before proceeding to the next
source. This requires retaining intermediate calculations
for each site to accumulate ground-motions from succes-
sive sources. SEISRISK Il wrote these intermediate re-
sults onto a disk; SEISRISK Il saves the results in two-
dimensional arrays in memory. Currently, the program re-
quires two arrays dimensioned (56, N}, where N=number
of sites on grid of sites for which calculations are per-
formed.

INTRODUCTION

In most seismic hazard analyses, earthquakes are
modeled as
1. points located randomly within seismically homoge-
neous areal source zones; and (or)
2. finite length ruptures that occur randomly along lin-
ear fault segments.

Probabilistic models are used because sizes and lo-
cations of future earthquakes cannot be predicted pre-
cisely. Source zones are typically regarded as seismically
homogeneous, that ig, each point within a source zone is
assumed to have the same probability of being the epi-
center of a future earthquake, because the analyst has
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no reason to assume that an earthquake is more likely
to occur at one point than at another within the zone.

The analyst uses catalogs of recorded earthquakes,
and whatever geologic, geophysical or other informa-
tion is available to help him to determine seismic souice
zones. However, as Thenhaus (1983, p.31} noted, “The
procedures used in delineating seismic source zones are
ill defined. No single standard exists by which source
zones across the nation can be drawn, primarily because
of the nonuniform level of pertinent seismological, geo-
logical and geophysical information available for areas
of vastly differing tectonic and geologic settings. The
equivocal association of seismicity with geologic struc-
ture throughout most of the United States compounds
the problem.” Because the evaluation and interpreta-
tion of the various types of information available de-
pends strongly on individual judgment or opinion, dif-
ferent experts may define source zones differently.

Assuming that seismicity is uniform within a source
zone means that seismicity changes abruptly at each
source-zone boundary. An effect of these abrupt changes
in seismicity is that probabilistic ground-motion lev-
els calculated at sites a few kilometers apart near a
boundary may differ significantly. Bender (1986) noted
changes of 50-80 percent or more in acceleration lev-
els calculated for longer exposure times at sites 20 km
apart near a boundary of a source zone. Such changes
seem unreasonable if, in fact, source zones are not well
determined.

To avoid sudden changes in seismicity at source-
zone boundaries, SEISRISK III, unlike SEISRISK II,
permits an option of “earthquake location uncertainty”.
Source-zone boundaries are specified in SEISRISK IIl as
in SEISRISK II, but now each point within the zone is
regarded as the mean or most likely location of a future
earthquake; the locations of actual earthquakes are nor-
mally distributed with standard deviation o about their
mean locations (o is an input parameter). This permits
earthquake rates to vary smoothly near a boundary,
without being significantly different in the center of the
region from the rates assumed in the uniform-seismicity
model (fig.1). As ¢ increases, a higher percentage of
the earthquakes that were expected to occur within the
source zone when no location uncertainty {(o=0) is as-
sumed, occur instead beyond the boundaries.

In the following sections, we discuss in more de-
tail earthquake location uncertainty and how this uncer-
tainty is implemented in SEISRISK III. We also discuss
“magnitude smoothing” and “distance smoothing” for
ground-motions resulting from ruptures along a fault,
and the parameters that control this smoothing in the
computer program. A listing of SEISRISK IIl (Ap-
pendix C) and information regarding data input and
formats (Appendix B) are also included.

2 Seisrisk ll: A Computer Program for Seismic Hazard Estimation

TERMINOLOGY

In this report, we use acceleration as 2 generic mea-
sure of ground shaking; we could equally well have used
velocity or any other measure. By acceleration occur-
rences in an interval a;_, < a < a; we mean the aver-
age annual occurrence rate of accelerations in the range
a;—3 < a < a; experienced at a specific site. Acceler-
ation levels or probabilistic acceleration levels refer to
the accelerations that are calculated as having a spec-
ified probability of not being exceeded during a given
time period at particular sites.

MODELING EARTHQUAKE
LOCATION UNCERTAINTY

In the model implemented in SEISRISK III, the
seismicity associated with each point in a source zone
is regarded as normally distributed about that point.
The possible earthquakes, rather than being uniformly
distributed throughout a source region, have mean loca-
tions that are uniformly distributed, with scatter about
each mean location given by a circular-normal distri-
bution. Stated more precisely, in this model, if & is
the standard deviation in location, and if the expected
(mean) location of an earthquake is at (X.,Y.), the
probability that the earthquake will occur instead in
a small area A surrounding (X.+ Az, Y.+ Ay) is given
by

A Az +Ay?
Pa(Bz, Ay)=o—s3 exp(— 37 2).

Figure 2 (A—C) shows acceleration levels calculated
as having a 90-percent probability of not being exceeded
during exposure times of 10, 50, 250, and 1000 years
when no variability in earthquake location (¢ = 0) is
assumed, and when ¢ =10 and 20 km (the attenuation
function of Joyner and Boore (1981) with o, = 0.5 in
log, acceleration was used). The sites are located 5 km
apart on a line through the centers of two contiguous
source zones. Each zone is a square 60 km wide; the
second zone has an earthquake rate 10 times higher than
the first. Unless o is a substantial fraction of the length
or width of the source zone (for example, o = 20 km
in fig.2), the acceleration levels calculated at sites near
the center and at sites on the boundaries of the source
zone are nearly the same for various values of 0. For
a site outside the source, if ¢ # 0 is assumed, some
of the earthquakes will occur closer to the site than
when o =0 is assumed, and these closer earthquakes will
produce higher accelerations at the site than will any
earthquakes of the same magnitude occurring within
the fixed source zone.

Figure 2D shows the difference in acceleration level
calculated for the 1000-year exposure time at sites 5
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Figure 1. Earthquake rates within gridded areas (10
km x 10 km). In A earthquakes occur only within two
well-defined seismically homogeneous source zones. In B,
earthquake locations are normally distributed with stan-
dard deviation o =10 km; in C, 0 =25 km: in D, o =50
km.

km apart on the line when ¢ =0, 10, and 20 km; for
example, a change in acceleration of +0.05 g at the site
at X km means that the acceleration level calculated
at the site at X+5 km is 0.05 g higher than the level
calculated at X.

To explain how acceleration levels are calculated in
SEISRISK III when earthquake-location variability is
taken into account, we first observe that, if earthquakes
are normally distributed, those that occur at distance
(Az, Ay) from their mean locations, in eflect, create a
new source zone translated by {Az, Ay) from the origi-
nal zone. This means that the possible locations of the
source zone (rather than of the earthquakes) may be
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regarded as having a normal distribution. More explic-
itly, the source zone is said to be located at (Az,Ay)
if an arbitrary point in the zone that would have been
at (X,,Y,) if the zone were at its mean or most likely
location, lies instead at (X, +Az,Y,+Ay). The prob-
ability that the zone will be located at (&z,Ay), is
Az?+Ay?
202
standard deviation in source location. Furthermore, the
acceleration occurrences in an interval a, ) <a <a; that
are calculated for a site at (X,Y) when the source lo-
cation is moved to (Az, Ay) are the same as those cal-
culated for a site at (X —Az,Y — Ay) when the source
is at its original location. This means that the effect
of source-zone location uncertainty at a site at (X,Y)
can be produced by computing a weighted average of
the acceleration occurrences at various sites, calculated
using the original seismically homogeneous source zone.
This last fact was used to implement earthquake loca-
tion (or, equivalently, source-zone location) uncertainty

in SEISRISK III as follows.

proportional to exp(- ), where o is now the

Modeling Earthquake Location Uncertainty 3
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Figure 2. (A)-(C): Accelerations calculated to have a
90 percent probability of not being exceeded during var-
ious time periods, at sites on a line through the centers
of two seismic sources. Source Il has an earthquake rate
10 times higher than Source |. Earthquake locations are
normally distributed with A, c=0 km: B, ¢=10 km; C,
o=20 km. D, Differences in acceleration levels calculated
above for 1000-yr period at sites 5 km apart on the line
of sites.

SEISRISK III begins, as does SEISRISK II, by cal-
culating expected annual accelerations at each site on a
grid of sites, resulting from earthquakes in well-defined,
seismically homogeneous zones. Sites are spaced at in-
crements dz,dy = dz. The acceleration occurrences
at a site at (X),Y)) that result when earthquake lo-
cation variability is taken into account is a weighted
sum of the acceleration occurrences that were calcu-
lated at each point on the grid, assuming homogeneous
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source zones. The weight assigned to acceleration oc-
currences in the interval ¢;; < e < a; at the point at
(X1+kidz,Y) + kody) is proportional to

dzdy
2702

k2dz? + k2dy?

w(kl, kz) = 202

exp(—

) ()

The occcurrences in the interval a,, < a < a; that

result when earthquake location variability is taken into
account is given by

2oy 2k, Wik, k2)p|(Xa + K1 de, Y +kady), 7]
B Ek, Zk, w(ky, ko) )

where p[(X) +k1dz, Y1 + k2dy), 7]=the acceleration oc-
currences calculated in the interval a,; < a < a; at
the site at X, +k,dz, Y, +kody assuming no earthquake
location variability (i.e., homogeneous source zones).
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SEISMIC HAZARD MODEL
FOR HOMOGENEOUS SOURCES

To determine acceleration rates in SEISRISK III
that result when earthquake location variability is taken
into account, we first compute acceleration rates, as
in SEISRISK II, assuming that earthquakes occur ran-
domly within seismically homogeneous source zones or
along linear fault segments. In this section, we briefly
describe the model before incorporating earthquake lo-
cation uncertainty.

Earthquake occurrences are assumed to have a Pois-
son distribution, and rates that remain constant during
the time periods of interest. Mean or median ground-
motion from an earthquake is an increasing function
of magnitude and decreasing function of site-to-source
distance. Earthquakes occur as points within quadri-
lateral source zones or as finite-length ruptures along
linear fault segments. Ruptures of a given length may,
with equal likelihood, be centered at any point on the
fault for which neither end of the rupture would extend
beyond the end of the fault.

Earthquakes in a given zone or fault are restricted
to occur within a specified magnitude range; the range
may be different for different zones and faults. More
specifically, for each zone (and fault) a maximum mag-
nitude mMyqz, a minimum magnitude mp, and a mag-
nitude interval Am are assumed. All magnitudes oc-
curring within a magnitude interval are grouped at the
center of the interval, that is, at a set of n distinct mag-
nitudes m;:

m;=mo+(j+1/2)Am,
Am = Mpmaz — Mo .
n

0 S J S 'n_"ls
(4)

The rate of earthquakes per unit time in the zone (or on
the fault) in each magnitude interval is specified by the
program user; it frequently follows (but is not required
to follow) a relationship of the form

log N =a-bm (5)

where a and b are constants. If N,,(;, is the total num-
ber of earthquakes in the j** magnitude interval, the
fractional occurrences expected in any small subarea
AAis
where A =total area of zone.
Seismicity is assumed to remain constant during
the time periods being considered; that is, the average
rate of earthquakes per unit time for each magnitude
interval does not change with time.

(6)

A table of median (or mean) ground-motion val-
ues (for instance, acceleration) for the desired atten-
uation function is entered into the program for a set
of earthquake magnitudes and distances. The program
assumes that ground-motion increases with magnitude
and decreases with site-to-source distance; ground mo-
tions for various magnitudes and distances are obtained
as needed by interpolating values in the table.

Given the source zones, earthquake rates and at-
tenuation function, an average yearly rate of acceler-
ations within each of 55 acceleration intervals is con-
structed for each site. (In SEISRISK II 100 intervals
were used; the number was decreased to save time and
space, but can be adjusted within the program.) Ac-
celeration occurrences in the range gi—; < a < a; are
accumulated into reg(z), the accumulator for the ** in-
terval, as described below.

For the given attenuation function,, let dp, (i) be
the distance at which a magnitude m earthquake pro-
duces median acceleration a; at a site. The probabil-
ity that an acceleration in the range a;-; <a < a; oc-
curs at the site is the probability that a magnitude m
earthquake occurs at a distance d,, (i) < d < d,,(i—1)
integrated (summed) over all permissible magnitudes.
(Note d,, (1) < d,n, (1 —1) because shorter distances pro-
duce higher accelerations.) The probability that an
earthquake of magnitude m occurring within the zone
(or on the fault) occurs within the distance interval
dm () € d < d,,(i-1) is equivalent to the fraction of the
area of the zone (or length of the fault) that lies within
this interval. The area (or length) within the interval

Alm(i)] = fldm(1), Adn (1)), (7)
is a function of interval width
Ad(i)=dm(i—1)—dn(1) (8)
and interval midpoint

dm(i—l)-l-dm [?.} )

dn(s) = 2

(9)

The rate of accelerations in the range a; < a < a; at
the site resulting from magnitude m earthquakes within
the zone then 1s equal to the rate of magnitude m earth-

quakes within A[m(z)):

I'm (‘)= 'j_i'[—,a"(z_)]Nm (10)

where N,,=rate of magnitude m earthquakes for the
entire zone or fault

A~=total area of zone (or total fault length).

Seismic Hazard Model for Homogeneous Sources 5



The program determines A|m(t)] for each magni-
tude and adds the corresponding rate p,, (¢) into the i**
accumulator, reg(z). The total rate accumulated for ac-
celerations in the range a;_; < a < a; from one source
zone then is the sum over magnitude of

"‘“=.Z pm, (1) (11)

where n=total number of magnitude intervals.
The process is repeated for all 1 <1 <55, for all sources.
These calculations assume a single value of ground
motion (acceleration) for earthquakes of a given magni-
tude and distance. Calculations that take into account
ground motion variability will be discussed later. First,
we shall consider the calculation of (median) acceler-
ations resulting from ruptures along faults and some
ways of smoothing the calculated acceleration densities.

THE FAULT-RUPTURE MODEL

As previously noted, both SEISRISK II and SEIS-
RISK III allow earthquakes to be modeled as finite-
length ruptures along linear fault segments. In both
programs, acceleration occurrences resulting from fault
ruptures are added to those resulting from earthquakes
in source areas. However, unlike SEISRISK II, SEIS-
RISK IIl permits a partial “smoothing” of accelera-
tion occurrences at a site caused by ruptures along a
fault. We shall discuss the fault-rupture model and the
changes that have been made to smooth those occur-
rences that result from fault ruptures.

In the fault-rupture model, sets of one or more
faults are defined as fault zones; if a fault zone contains
more than one fault, earthquakes in the zone are dis-
tributed among the faults in proportion to the lengths of
the faults. An individualfault of length L may consist of
as many as 24 connected straight-line segments. (The
maximum number of segments may.be altered within
the program.) A rupture may span several segments
(fig.3). Ruptures occur with equal likelihood anywhere
along the fault, so long as they are wholly contained
within the fault. Rupture lengths are a function of
magnitude and are lognormally distributed with me-
dian length {(m) and standard deviation o).

As with source areas, the ground-motion at a site is
a function of earthquake magnitude and distance. How-
ever, in the case of faults, distance from the site to a
rupture is always taken to be the distance to the point
on the rupture closest to the site. (The fault-rupture
model is described in detail in Bender, 1984b.) All mag-
nitude m ruptures along the fault whose closest distance

6  Seisrisk lI: A Computer Program for Seismic Hazard Estimation

RUPTURE

Figure 3. Fault consisting of three connected straight-
line segments. A rupture may span several segments.
Closest distance from rupture to site is used to determine
ground motion at the site.

d to the site is in the range dpn (5) < d<dm(j—1) will
produce acceleration a, ¢;-; <a < aj, at the site. The
calculations to determine site-to-rupture distance and
the fraction of ruptures of each magnitude within each
distance range are described in Appendix A.

Smoothing of Accelerations Calculated
Using Fault Ruptures

In the fault-rupture model, a substantial fraction of
the ruptures of earthquakes of a given magnitude may
occur at the same closest distance from the site and may
produce the same median acceleration at the site. For
example, assume the fault extends on the x-axis from
0< < L. A rupture of length L/4 may be centered at
any point z along the fault such that 1/8L < z<7/8L.
If the site is located on a line perpendicular to the center
of the fault at (L/2, P), all ruptures that have their
centers in the range 1/4L < 1<3/4L along the fault will
be at the same (closest) distance P from the site. This
means that two-thirds of the possible ruptures of length
L/4 will be at distance P from the site; for rupture
length L/2, all possible ruptures will be at distance P
from the site. Because longer ruptures are associated
with higher magnitude earthquakes, the fraction of the
ruptures that will be at closest distance P from the site
increases with magnitude.

Because calculations are normally done only at a
set of magnitudes m; spaced Am apart, ruptures of
magnitude m; earthquakes at distance P from the site.
will cause a “spike” of acceleration occurrences to be
accumulated in some reg{j). (Recall that occurrences
of accelerations in an interval a;; < a < a; are accu-
mulated in a corresponding accumulator reg(s).) The
number of spikes in the acceleration occurrences at a
site depends on the number of magnitudes used; the
locations and sizes of the spikes depend upon the ac-
tual magnitude values. If no acceleration variability
is assumed (for example, mean or median acceleration
values only are used), or if g,, the standard deviation
in log acceleration, is small, spikes in acceleration oc-
currences will result in sharp changes in the accelera-



tion exceedance curves at the accelerations at which the
spikes are present. Furthermore, these spikes may occur
at different accelerations at different sites, causing the
probabilistic accelerations calculated at different sites to
vary irregularly. SEISRISK III does a partial smoothing
of acceleration occurrences resulting from the ruptures
at distance P, as described below.

Magnitude Smoothing for Closest
Distance Ruptures

Earthquakes at a fixed distance P from the site,
with magnitudes in the range m(j —1) <m < m(s) will
produce median accelerations in the corresponding in-
terval g;) <a < a;. If earthquakes within the magni-
tude interval m; — Am/2<m,; <m;+ Am/2 are assumed
to follow a2 Gutenberg-Richter magnitude-frequency re-
lationship, the number h(7) of those earthquakes with
magnitudes that lie between m(7—1) < m < m(j) can
be determined (h(j) contains magnitudes in the range
max[m;-Am/2, m(j—1)] £ m< min|m(5), m+Am/2]).
If f(2) is the fraction of ruptures of length L;(m) of mag-
nitude m; earthquakes that occur at distance P from
the site, approximately the same fraction of earthquakes
will be at distance P for all magnitudes in the range
m;—Am/2<m; <m;+Am/2, for small values of Am.
This means that a rate of accelerations r(z, 7) = f(¢)h(s)
resulting from ruptures at distance P for magnitudes

—Am/2 < m; < m;i+Am/2 can be assigned to the
acceleration interval a;; <a<a,.

The solid lines in figure 4 show the yearly rate of
exceedances of various accelerations calculated at a site
at a perpendicular distance of 1 km from the center of
a 300 km long fault, when the magnitude range is 5.0<
m < 8.0 and the magnitude increments are Am = 0.6,
0.3, and 0.15, respectively. The dashed lines in figure
4 were obtained in each case by magnitude smoothing
of the spikes of acceleration occurrences. Very little
difference appears in the smoothed results for Am=0.6,
0.3 and 0.15, suggesting that for sites near the center
of the fault a magnitude increment of Am=0.6 might
suffice if the spikes are smoothed in this manner.

Figure 4. Yearly acceleration exceedance rates calcu-
lated at a site at a perpendicular distance of 1 km from
the center of a 300-km-long fault, using magnitude incre-
ments A, Am=0.6: B. Am =0.3: C. Am=015 The
magnitude range is 5.0 < m < 8.0. Attenuation curves
are those of Schnabel and Seed, (1973). The dashed line
in each case show the exceedances calculated when the
acceleration density spikes resulting from ruptures that
intersect the point on the fault closest to the site are
smoothed for each magnitude.
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In smoothing acceleration occurrences, occurrences
normally assigned to magnitude mq; — Am/2 are dis-
tributed throughout the interval my,,;~Am/2< m<
Mypaz +Am/2; in particular, some of the occurrences
are assigned to the interval containing the acceleration
produced at distance P by the maximum magnitude,
Mypar. However, when magnitude smoothing is not
done, the highest magnitude used in the calculations
continues to be my, ., —Am/2, (equation 4). For a site
beyond the end of the fault at (X, P} (either X < 0
or X > L), there are no ruptures at distance P, and,
hence, no acceleration occurrence spikes from ruptures
at closest distance; therefore, no magnitude smoothing
is done for acceleration occurrences at such a site. This
implies, in effect, a lower maximum magnitude for sites
beyond the end of the fault.

Distance Smoothing for Ruptures Along
Artificial Parallel Faults

The fault pattern may be quite complex within an
active fault zone, and faults may be spread over a wide
area. SEISRISK III allows one to model artificial paral-
lel faults when the presence of faulting is inferred from
geologic considerations and the orientation of the faults
is assumed to be known. In this model, faults with a
specified orientation are assumed to be equally likely
anywhere within a given area; for example, faults par-
allel to the x-axis are equally likely to have their y-
coordinate anywhere in the range 0 < y < w. (The
y-coordinate of the fault is uniformly distributed in
this model.) To approximate a uniform distribution of
faults, coordinates of evenly spaced parallel faults must
be entered into the computer program. However, unless
the spacing between faults is quite small (for example, 1
or 2 km), or unless some sort of smoothing is done, the
acceleration levels calculated at sites a short distance
apart can be quite different. Figure 5 illustrates how
calculated acceleration levels may change as a function

Figure 5. Accelerations calculated to have a 90 percent
probability of not being exceeded during various time peri-
ods at sites on a line perpendicular to the centers of three
parallel faults, 4, 20 km apart. B, the scale is expanded
and the dashed lines show values obtained when faults are
placed instead at increments of 1 km over a distance of
60 km and the original seismicity is divided evenly among
the faults. C, the solid lines show the results when 20-km
fault spacing is used in the calculations, but ruptures on
each fault that occur “as close as possible” to the site
are placed instead on a line perpendicular to the original
faults: the dashed lines are the same as in B. The Schn-
abel and Seed {1973) attenuation curves are used.
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of distance from a fault. Figure 54 shows levels cal-
culated at sites on a line perpendicular to the centers
of three parallel faults, 20 km apart. In figure 5B the
scale was expanded; the solid lines again show accelera-
tion levels for the three fixed fault locations; the dashed
lines give results obtained when faults were placed 1 km
apart and the seismicity adjusted accordingly.

A distance smoothing is desirable when a single
fault is used to represent a uniform distribution of faults.
For example, assume a fault that extends from (0,0) to
(L,0) was entered into the program to represent faults
with y coordinate anywhere in the range —yo <y < yy.
Accelerations are calculated only for ruptures along the
fault at y=0. If the site is located “above” the fault at
(X, P) (0 < X <L), an acceleration density spike will
result from ruptures at distance P. To smooth the ac-
celerations resulting from these ruptures, assume that
any rupture with end points (z;,0), (z2,0) along the
original fault, at distance P from the site, may instead
have end points (z,,y), (22, y) on any fault such that
=yo £ ¥ < yu. The seismicity associated with such a
rupture along a fault at y concentrated at the point on
the fault closest to the site at (X, y). This means that if
faults |with end points at (0, y), (L, ¥), —vo <y < yol, are
uniformly distributed parallel to the original fault, rup-
tures at closest distance on each fault will produce the
same accelerations as points uniformly distributed on a
line through the site perpendicular to, and extending
+yo km from, the original fault. Acceleration occur-
rences in each interval a;; <a <a; may be determined
from the frequency of the “point-source” earthquakes of
each magnitude at the appropriate distances along this
perpendicular line. In figure 6C, the ruptures at closest
distance to each site were treated as point-source earth-
quakes along a line through the site and perpendicular
to the faults; the calculation was done using Am=0.6.

MODELING ACCELERATION VARIABILITY

The ground-motion computations that have been
described assume a single value of acceleration results
from earthquakes of each magnitude and distance. How-
ever, in fact, a range of accelerations results; this vari-
ability in acceleration is commonly modeled by assum-
ing that accelerations from earthquakes of a given mag-
nitude and distance are lognormally distributed with
standard deviation o, in log, acceleration. Assuming
a lognormal distribution of accelerations tends to cause
the calculated probabilistic ground-motion levels at all
sites to be higher than the levels calculated when only
median accelerations are used (for example, Bender,
1984a).
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Figure 6. Differences in acceleration levels calculated
for 1000-yr period at sites 5 km. apart, assuming o,=0
and assuming 0,=0.5 in log,-acceleration in the attenua-
tion function of Joyner and Boore (1981); no uncertainty
{e=0} in earthquake location,

Figure 6 shows the differences in probabilistic ac-
celeration levels calculated for a 1000-year exposure time
at sites 5 km apart, when the sites and sources are the
same as in figure 2. The calculation was done assum-
ing no uncertainty in earthquake location using me-
dian values in the Joyner and Boore attenuation and
using o, = 0.5 in log, acceleration. (The calculation
for 0, =0.5 is the same as that shown in figure 2D for
the 1000-year exposure period for o =0.) Figure 3 was
included to illustrate that taking variability in the at-
tenuation function into account, rather than reducing
the differences in levels at sites near a boundary, may
increase the site-to-site acceleration differences above
those calculated when only median values are used in
the calculations. This is discussed in detail in Bender
(1986).

Assuming that o,, the standard deviation in log
acceleration, is independent of magnitude and distance
permits SEISRISK III to take acceleration variability
into account only after doing calculations using median
acceleration values for all earthquakes. Median rather
than mean acceleration values are used initially because
log acceleration (rather than acceleration) is assumed to
be normally distributed; the median value of accelera-
tion corresponds to the mean value of log-acceleration.

Let us assume occurrences of median accelerations
in each interval ¢, ; < @ < a; have been accumulated
in the corresponding reg(y). Let regs(;y) be a second

Modeling Acceleration Variability 9



array in whicli to accumulate occurrences of acceler-
ations a,_; < a < a, after acceleration variability has
been taken into account. SEISRISK Il redistributes a
fraction of the acceleration occurrences accumulated in
reg(7) to regs(k) (for each 7 and k) as follows.
The entry in reg(j) is assumed to be concentrated
at acceleration @ where
o () et o]
In a lognormal distribution, given log, @, the probability
of an acceleration in the range ¢; < a < ap is the area
under the normal probability curve:

(12)

log, a3z ( - )
z—log, @
[ 20‘; ] z

1
pla1,02) = 5=
a

z=log,a)

(13)

From equation 13, a fraction f(k) of the accelerations
in reg(7) is placed in regs(k),

f (k) =p(ax-1,ax)r(s)- (14)

where p(j)=occurrences of (median) accelerations in
the range a;—; < a < a; accumulated in reg(s). Ac-
counting for acceleration variability in this manner may
be considerably faster computationally than methods
which include acceleration variability for earthquakes
of each magnitude and distance. Accounting for ac-
celeration variability after calculations for median ac-
celerations have been completed is possible because of
the assumption that g,, the standard deviation in log
acceleration is independent of distance and magnitude.

CALCULATING GROUND-MOTION
EXCEEDANCE PROBABILITIES

Given that average annual acceleration occurrence
rates in the interval ¢;_; << a<a; have been accumu-
lated in regs(y), 1 <j < 55, Ezfa;|, the yearly occur-
rence rate of accelerations a > a;, is simply

Ezla]= Y o)

i=H

(15)

where p* (1) = accelerations in the range a;_; <e < e, ac-
cumulated in regs(i). The yearly exceedance rate Ez(a)
of acceleration a can be obtained by interpolating the
Ez|a;| in equation 15.

We are now in a position to determine the probabil-
ity associated with the exceedance of any acceleration.
Earthquake occurrences are assuined to have a Poisson
distribution; that is, the probability that an earthquake
will occur is the same at all times regardless of when the
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last earthquake occurred. For a Poisson distribution
with mean rate u, the probability of exactly k events
during time ¢ is

()" exp(—pt)

P(k,t)= 5

(16)

The probability of no event during the same time inter-
val is, therefore,

P(0,1) = exp(—t). (17)

Setting u= Ez(a), the probability of not exceeding a in
t years is

(18)

Taking the natural logarithm (log,) of both sides of
equation 18 gives

P(0,t) =exp{— Ez(a)t].

log,.|P(0, 1)) .

Ez{e)=— ;

(19)
That is, the value of a for which equation 19 is satisfied
is the acceleration which has probability p= P(0,t) of
not being exceeded during the time interval ¢t. (Equiva-
lently, a has probability g=1-P(0, t) of being exceeded
one or more times during time t.) By specifying any
two of the three parameters (p, a, ), one can determine
the remaining parameter. However, in SEISRISK IIl a
single probability level p and several values (up to 20)
of time are specified and the corresponding values of a
are obtained.

MODEL IMPLEMENTATION-DETAILS
AND REQUIREMENTS

In this section, we further describe the model and
how it is lmplemented in SEISRISK IIl. Input parame-
ters required to run SEISRISK II1 are identified and de-
scribed briefly at the beginning of the program listing in
Appendix A; here we give a more detailed explanation
of the meaning and roles of some of these parameters.

Geometry: Transformation to Local Equator

In both SEISRISK II and SEISRISK III, a pair of
latitude and longitude values are selected (input) to be
two points on a great circle that becomes the equator
in a transformed coordinate system. The great circle is
chosen to pass through the region of interest, and all
subsequent input coordinates (for example, end points
of source areas and fault segments) are transformed rel-
ative to the new equator. Furthermore, the subsequent
calculations are done assuming a rectangular, rather
than a spherical coordinate system; in the new system
the (new) equator becomes the x-axis.
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Figure 7. Four points define transformation and seismic-
felt area. Great circle through (A;, 1), (A2, ¢2) becomes
new equator. (A, ¢1) — (d,0). (A2,¢42) — (0,0).
(A3, ¢3) and (A4, ¢4) become end points of rectangular
area containing seismic felt points. (A3, ¢3) — (23, ¢3).

(Aa, ba) = (74, va).

For points in the vicinity of the equator, calcula-
tions done using a rectangular coordinate system give
a good approximation to those obtained using spher-
ical coordinates. Because of convergence of parallels
of latitude, the error could be substantial if the orig-
inal (long,lat} coordinates are treated as being on a
flat surface. However, this error is minimized when the
coordinates are transformed to lie in the vicinity of a
new equator, so that, for example, within a square re-
gion 12 degrees wide and centered on this equator, the
maximum error introduced by using the straight line
distance between two points (z;, v), (z;,y;) instead of
the great circle distance is less than 0.6 percent.

Sites at which accelerations are calculated lie on a
rectangular m by n grid in which the site (z;, y;) is

z, = ck(longitude of row i}, 1<i<m

y; = ck (latitude of col 5}, 1<j<n
where ck=conversion factor for degrees to kilometers at
the equator.

Coordinates (long, lat) of two opposite corners (up-
per left, lower right) of the seismic felt area in the ini-
tial system and grid spacing are input to the program
(fig.7). Sites in the new coordinate system are located
at even increments in Az, Ay (Ay = Az) at intersec-
tions of grid lines. (In SEISRISK Il, Ay = Az was
not required.) At the end of the computation, sites are
transformed to the coordinates they would have in the
original system. Sites may also be points evenly spaced
on a number of lines; in this case, (long, lat} of two end
points of each line, number of sites per line, and number
of lines are specified as input. However, calculations for
sites on a line are done assuming only seismically ho-
mogenous source zones; earthquake location variability
cannot be implemented for sites that are not on a grid
of sites.
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Acceleration Table Levels

A table of 55 acceleration levels a;, such that a; <
a1 for 1< k<55, is constructed within the program.
A scale factor (input) allows the original range of ac-
celeration values in the table to be expanded or con-
tracted. For a scale factor of one, 50 of the acceleration
Jevels are in the range 0.02-1.0 g at increments of 0.02
g. Four acceleration levels are less than 0.02 g; accel-
erations at these levels are saved for calculations that
are done when acceleration variability is taken into ac-
count; these accelerations are not printed in the output
and, hence, are invisible to the analyst. A scale factor
of 0.5 would permit values from 0.01g-0.5g. (The table
is created in the subroutine “box” and other values may
be substituted by replacing this subroutine.)

Given the table of acceleration levels ax, a corre-
sponding array reg(k) is set aside to accumulate frac-
tional acceleration occurrences, with occurrences in the
range ¢, < a < a; being placed in reg(j). Accelera-
tions less than a(l) are placed in reg(1) and those ex-
ceeding the highest entry a(maz) (where maz =54) are
placed into reg(maz+1). Earthquakes as point events
within quadrilateral source areas and as finite length
ruptures along linear fault segments may contribute to
accelerations at a site. We shall discuss these two cases
separately.

Source Zone Computations
Area Computations

A seismic source zone is defined as a seismically
homogeneous area enclosed by one or more arbitrary
quadrilaterals, connected or disjoint (fig.8).

Recall that an acceleration “box” represents oc-
currences of accelerations in some range a; < a < aj.
For a specified magnitude, acceleration box boundaries
[@j—1, a;] correspond to earthquakes at distances in the
range r(j7) < r<r(j—1) from the site. The contribution
to accelerations ajy.; < a < a; produced by magnitude
m earthquakes in a seismically homogeneous quadri-
lateral is equal to the rate per unit area within the

Model Implementation-Details and Requirements 11
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Figure 8. Seismic source zone consisting of two sets of
quadrilaterals
Input: For each quadrilateral set
(1) jseg ifr tot
jseg=number+1 of quadrilaterals in this set
ifr identifies current set, 1 < ifr < tot
tot=total number of sets of quadrilaterals
(2) pairs of quadrilateral corner points.
In this example, input is
412
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quadrilateral, multiplied by the area within the quadri-
lateral at distances r(j) <r < r(5—1) from the site.
The area of the quadrilateral within the distance range
r(7) <r < r(5-1) is approximately the area contained
within a ring of radius r and width dr=[r(7~1)—r(5)]
centered at the site (fig.9).

The distance range over which earthquakes pro-
duce accelerations in the interval a;; < a < a; de-
pends on magnitude. The accelerations from earth-
quakes of each magnitude in the appropriate distance
range within a source area are summed to obtain the
total contribution from these earthquakes added into
reg(s). The procedure is repeated for all acceleration
intervals, and subsequently for all sources.

To save computation time, for a particular site and
source, both SEISRISK II and SEISRISK III create a
table of distance versus arc-length (for a predetermined
set of radii) and then later interpolate in this table to
obtain areas at desired distances. In this case

Area = ¢rdr (20)

where ¢=arc length in radians of that portion of the
circle of radius r=r; that lies wholly within
the quadrilateral
dr=interval width.
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The quantity ¢r is tabulated as a function of r for seven
evenly spaced radii r per quadrilateral and for two to
eight additional radii to vertices and edges, depending
upon the location of the site relative to the source. The
accuracy of the calculated areas depends on the geome-
try of the source, location of the site, and on the number
of radii used in the calculations.

To test the accuracy of the arc-area computations
for a fixed value of 1tst, areas for a set of 5856 quadrila-
teral-site pairs (used in a California study) were evalu-
ated using 1tst=5, 7, 9, 11, and 13. For ttst=7, the

(“arc estimate” area - “true” area )/ “true” area
exceeded 0.03 only five times and never exceeded 0.04;
for a1tst=5, the error exceeded 0.04 seven times; for
1tst=9, 11 and 13, the largest error was 0.02. We con-
cluded that itst = 7 gave sufficient accuracy. The num-
ber of evenly spaced radii is set by parameter itst = 7 in
subroutine RRISK; itst mmay be increased be recompil-
ing the program, but this should probably be done only
under unusual circumstances (for example, for testing
purposes), because using larger values of itst increases
the computation time.

Grid Spacing Requirements
For Modeling Uncertainty

SEISRISK III initially calculates expected acceler-
ation occurrences at each site on a grid assuming that
seismicity is uniform throughout a source zone. Then to
determine acceleration occurrences at a site at (X, Yy},

(a) (b) (c)
Site
* Site
- Site
3
iy /& %
Site Site Site

Figure 9. Arcs of circles with centers at the site are used
to approximate the area of a quadrilateral. Area = ¢rdr
in D, E, and F. Shaded area in E and F is the difference
between the quadrilateral area and arc area. In E errors
nearly cancel; in F the arc area is an overestimate.



with earthquake location uncertainty included, SEIS-
RISK III computes a weighted average of acceleration
occurrences previously calculated at various sites as-

suming uniform seismicity. The fractional contribution
or weight assigned to the accelerations calculated av a

site at (X;,Y)) depends on ¢ and on the distance be-
tween (X),Y;) and (X;,Yi) (equation 2).

The grid spacing or distance between sites is of ma-
jor importance in these calculations. Accelerations at
sites at distances greater than 2.00 - 2.50 from (X, Y1)
have low weights and little effect on the weighted ac-
celerations at (X,,Y;). This means that if the spacing
between sites is large relative to o, the only accelera-
tions that will have much weight at (X;,Y;) are those
originally calculated at (X,,Y;) (for uniform seismic-
ity), and, in this case, the weighted results will give a
poor approximation to the true effects of earthquake
location uncertainty. In tests to determine the maxi-
mum acceptable grid spacing, we found that we could
use a spacing dr as large as o and still obtain reason-
able results; in these tests, for dz =0 results were quite
consistent with those obtained using dz=0/2.

In order to take into account accelerations at sites
at distances 20 from every site of interest, SEISRISK
IIl extends the gridded region to include additional sites
(fig.10). If the sites of interest are at row and column
intersections on an (n)(r) grid, and the distance be-
tween rows and columns is dz, then the grid must be
extended in each direction by at least n,, = 2.00/dx
rows and columns; that is, the calculations must be
done at (n+ ZnM)2 sites in order to model effects of
earthquake location variability at each of the original n
sites. The number of additional sites can be quite large
if & is small relative to dz. For example, if dz=10 and
o =40, the number of sites increases from n? to (n+16)2.

Increasing the number of sites at which the calcula-
tions are performed increases the storage requirements
as well as the computation time. Because acceleration
occurrences calculated for uniform seismicity at vari-
ous sites are used in calculating the weighted averages,
we retain these occurrences in a two-dimensional array.
This requires an array of dimension of at least (11, JJ},
where J/=number of acceleration levels in the reg array,
and JJ=the number of sites (including the sites added
for earthquake location variability) at which the calcu-
lation is performed (JJ > (n+2n,.)?). Furthermore, a
second array of the same size is set aside in which to
accumulate the weighted acceleration occurrences. In
SEISRISK III, the two arrays RAWBIN and SMOBIN
for saving the accelerations are dimensioned (55,1600).
A total of 1600 sites (including the sites added for earth-
guake location variability) can be processed. {Dimen-
sions of arrays SMOBIN and RAWBIN can be adjusted
to change the number of sites permitted; the parameter
mazaer must be set equal to the site dimension.) Sav-

Figure 10. Sites of interest located at intersections of
grid lines within darkened area. If the spacing between
grid lines is dz and the standard deviation in earthquake
location is o, the gridded region is extended in each di-
rection by n,, = 2.00/dz (rounded to the next highest
integer) rows and columns.

ing results in two-dimensional arrays contrasts with the
procedure in SEISRISK II, in which acceleration den-
sities calculated at a single site were written onto disc
(logical unit 3 or logical unit 4) rather than being saved
in a large array.

Using Sources with Different ¢ Values

SEISRISK III permits earthquakes associated with
different source-zones to have different values of . 'If
o is the same for earthquakes in a number of zones,
weighted averages of accelerations can be calculated
after the calculations assuming uniform seismicity are
completed for earthquakes in all of the zones. On the
other hand, if a different ¢ is associated with earth-
guakes in each source zone, the weighting (equation 2)
of accelerations resulting from earthquakes in a zone
must be perforined after the calculations for uniform
seismicity have been done for that zone.

To instruct the program when to calculate weighted
averages, a value of an input parameter num is entered
for each source zone along with other data for that zone;
num=98 indicates averaging should be performed for all
accelerations accumulated since the averaging was last
performed. The current value of o is used in this aver-
aging, and one need enter a value of o only for source
zones for which num = 98. Figure 114 gives an abbre-
viated flowchart for the source zone computations.
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Figure 11. Abbreviated flowcharts for (a) source-zone
calculations and (b) fault-rupture calculations.

When considering using different values of o for
earthquakes in different zones, we should keep the fol-
lowing considerations in mind.

1. The number of rows and columns and the spacing
between sites remains the same throughtout the anal-
ysis. The value of n,., the number of additional rows
and columns by which the initial gridded area must be
extended in each direction to account for earthquake
location uncertainty, is determined by the largest value
of o to be used for any source-zone. However, n,. is
calculated before the source zone inputs are processed,
and therefore, the largest value of o must be identified
in the program initially.

2. If considerably different values of o are assigned to
earthquakes in different areas, the grid spacing must be
sufficiently small to adequately represent the intended
variability for those earthquakes with the smallest o.
At the same time, a sufficient number of marginal sites
(determined by n,.) must be provided to permit accu-
rate calculations when o is large. Accomodating both
these requirements can lead to evaluating accelerations
at considerably more sites than necessary, both when o
is small (because of an unnecessarily large value of n,.
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in this case) and when ¢ is large (because of the small
increment dz relative to o).

3. Allowing different values of ¢ can lead to an anoma-
lous ridge of seismicity along one side of a joint bound-
ary of contiguous source zones. In general, we suggest
that two source zones with different o values be sepa-
rated by at least two to three times the difference in the
¢ values.

Fault Computations

Rupture Length Computations

A rupture of a magnitude m earthquake is defined
to have length l;(m) with probability p(s), where

logyo[l:(m)]=a+bm+n(t)o: (21)
where a and b are constants.
p(3) =probability of rupture of length i;(m)
F(#1)
)= [ optZ)as  (22)
V27 2

F(5)



where f(i) is selected so that n{z) is

fE)<n(d) < fi+1);  f(1)=—00;

i:p(i) =1

n.=number of rupture lengths per magnitude.

SEISRISK III allows either one rupture length or
or five rupture lengths per magnitude depending on
whether median rupture lengths only are assumed or
rupture length variability is to be modeled in the length
versus magnitude relationship. Thus

fln,+1) = oo;

0, if only median rupture length is used
(one rupture length per magnitude),

five values in the range — 2<75(:) <2
(five lengths per magnitude).

n(i)=

(23)

The values of a, b and oy may be provided as input
for the rupture-length magnitude relationship {(equation
21). If a, b and o; are all zero or blank, previous values
of these quantities are used. If no values are provided,
default values of Bonilla and Buchanan (1970) are used:

a=-—1.085 b=0.389 01=0.52

If a£0, b0, and 0; =0 are input, a single rupture-
length value is used.

Magnitude Smoothing:
Calculation of Gutenberg-Richter 5-Value
The Gutenberg-Richter b-value used to determine
the number of earthquakes in an arbitrary magnitude
interval is calculated from the number N(m,) of earth-
quakes at magnitude m; and N(m;), the number at
magnitude mg; that is,
1

N(mﬂ)]
N(my)"

(24)

where m; is the lowest magnitude used in the calcula-
tions and my = m; + Am (equation 4). However, if
only a single magnitude is specified, neither the mag-
nitude interval nor the b-value can be calculated, and
hence default values of b and Am are provided. (The
default values are 5=1.0 and Am=0.6.)

Distance Smoothing Option

To instruct the program to do distance (rather than
magnitude) smoothing, the distance d between the par-
allel faults must be input.

d distance between faults if this is a set of
“dummy” faults used to approximate
a uniform field of faults.

0 if individual fault.

totl=

If totl = 0 (or is blank), the program assumes that
the faults are individual faults, and the previously dis-
cussed magnitude (rather than distance) smoothing is
performed. Distance smoothing over a range of +d/2
km for a single fault can be forced by setting totl = d
for a single fault. The program cannot do both dis-
tance and magnitude smoothing. Figure 118 shows an
abbreviated flowchart for the fault rupture calculations.

Attenuation Function: Input Table,
Interpolation, Scale Factor

The program computes ground-motion {accelera-
tion) by interpolating in a table of acceleration as a
function of magnitude and distance. Interpolations are
linear in distance and linear in log acceleration and mag-
nitude; in SEISRISK II, interpolations were linear in log
magnitude rather than in magnitude.

The table of ground-motions is read in for up to
eight magnitudes and 20 distances. Velocity or some
other ground-motion parameter may be substituted for
acceleration. If the ground-motion values read in are
in a range different from 0.02 to 1.0, the appropriate
scale factor must be input to make the “box” levels
compatible with the desired values.

Halving the Magnitude Intervals

The program requires that earthquake rates be en-
tered for each source at equally spaced magnitude in-
tervals. The magnitudes that are entered are assumed
to be values at the centers of the intervals. If input
paramater ¢nos=1, the program will divide each mag-
nitude interval into two parts and perform the calcula-
tions for magnitudes at the midpoints of the new inter-
vals. Earthquake rates are calculated for each interval
from the total earthquakes assigned to the original in-
tervals using a Gutenberg-Richter b-value based on the
number of earthquakes in the first two (original) mag-
nitude intervals, as in equation 24.

Output Options

As stated earlier, we seek the acceleration that,
with probability g, will be exceeded (or probability p =
1—gq will not be exceeded) during ¢t years. We have seen
that this is the value a of acceleration for which Ez(a)
the yearly exceedance rate of a at the site is

log,(p)

Ez(a) = :

(25)
Assuming yearly exceedance rates (as in equation 15)
have been calculated for each of 55 acceleration levels,
the solution a that corresponds to the specified (p,t)
may be found by interpolating between the calculated
values.

Model Implementation-Details and Requirements 15



Solutions are computed for up to 20 time periods
t using rates derived for median accelerations only and
also for the same set of times using rates that include
acceleration variability.

The results, including the acceleration histogram,
may optionally be written to file 16 for later printing.
Summary results may be saved on file 2 for future plot-
ting.

Accelerations from the earthquakes within a source
area or along a set of faults are calculated for all sites
before proceeding to the next source area or fault, with
acceleration occurrences being added to those obtained
previously for each site. Therefore, partial results may
be examined at any stage. Output options are given for
each source set by the input parameter iprint.
iprint=

-1: continue to next set; no print, no statistics
+1: compute solutions a; write histogram and solu-
tions to file 16, then continue to next set
+2: same as +1 but in addition save the solutions

on file 2

+3: no write to file 16; save solutions on file 2.

Accumulating Rates In
Sucessive Runs

Rates that have been accumulated in each acceler-
ation interval for each site are saved in file 3 at the
end of a run. These values may be read back into
the 2-dimensional array SMOBIN for a subsequent run.
(The saved rates are rates that have been adjusted for
earthquake location uncertainty.) Doing successive runs
makes it possible, for example, to accumulate acceler-
ations from sources having different attenuation func-
tions. The equator, maximum o, gridded region, and
rows and columns containing sites of interest should not
be changed from their original values in a run centinu-
ation.

1 if this is a run continuation

fsw = { P
0 if this is a new run.
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APPENDIX A

Details of Fault-Rupture Computations

A fault consists of one or more connected line seg-
ments. A rupture may be wholly contained within one
segment or overlap any number of fault segments. It
may be as long as the fault, but cannot extend beyond
the end of the fault. The distance from a rupture to
a site is the distance from the site to the point on the
rupture closest to the site.

A conceptually simple approach for calculating ac-
celerations at a site resulting from ruptures along the
fault pretends that ruptures of length L(m) of magni-
tude m earthquakes occur only at a set of n distinct
locations, with rupture centers evenly spaced at incre-
ments Al;(m) on the fault. In this case, the k** rupture
center is at a distance d;{k) from one end of the fault
where

d; (k) = @ﬂk—na‘k(m) (A1)
and
Akim) = 225 chcn ()

n—1
The fractional seismicity C(z,m) associated with one
such rupture is

Olm) = ATet)

(43)
p(m)=rate of magnitude m earthquakes for the set
of faults,
f=length of this fault/total length of faults in set,
p(t¥)=probability of rupture of length I;(m), for
either 1 or 5 rupture lengths per magnitude.
For each rupture, the closest distance to the site is
determined (fig.A1). For one such rupture of magnitude
m and length [;(m), the acceleration interval is found
that contains the acceleration produced by a rupture of
this magnitude at this distance. The fractional seismic-
ity C(i,m) is added to the accumulator reg(s), for the
appropriate j.
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Figure Al. Arrows indicate direction of increasing dis-
tance along the fault from the site.

A Closest distance from site to fault is at left end of fault.
Distance increases monotonically along the fault as one
moves in the direction of the arrows.

B Distance to site decreases as one moves along the fault
from left end of fault to point A, then increases monoton-
ically as one continues to other end.

C Distance to site alternately decreases and increases as
one moves along the fault.

The computer time required may be substantial if
the computation of nearest distance from the site to
a rupture is done repeatedly for different rupture loca-
tions along the fault. Some transformations are made in
SEISRISK III that simplify the site-to-rupture compu-
tations. The following describes these transformations.

For an arbitrary fault segment 1<:<n, let

L) =y/[21(6) - 22 ()P + [9: (1) — 2 ()2

= length of segment 1,

(A4)

where [z (), y1(¢)], [#2(¢), y2(¢)] =coordinates of end-
points of segment 2.

The coordinates are transformed so that fault end points
[21(2), 31(5)] — (0,0)

[2(3), 92(3)] — [L(), 0] (45)
and the site at (Fy, Fy)
N (F:B, Fy) — IX(i),P(‘i)}
X(2) = [Fz—z,(2)] cos a+[Fy—y(i)]sin o,
P(i) = —|Fz—z,(i)|sin a+[Fy—y1 (i) cos . (AS6)

= perpendicular distance from site to line .

z2(i) — 21 (2) . ¥2(1) ~v1(5)

L) =TT,

After L(z), X(:) and P(:) have been determined,
the fault segment may be regarded as located on the z-
axis extending from (0,0) to [L(3), 0] and the site located
at [X (1), P(?)] (fig.A2).

If the fault consists of N connected line segments,
SEISRISK III computes and saves L(i), X(3), P(s) for
each segment, 1 <4< N. Assume an arbitrary rupture
has one end point on segment j and the second on seg-
ment k, where 1<7<k<N. The coordinates of the end

points of the part of the rupture that lies on segment ¢
(7 <i<k) are defined as [R; (z),0],[Rz(¢),0] (fig.A3).

(47)

cosax =

0< Ry ()< Ra(t) <L(t) fori=j ori=k,
R, (:)=0, B (¢) = L(¢)

If a rupture extends over three or more fault segments,
the rupture overlap with an interior segment is the en-
tire segment.

In the new system, the relative end and overlap
points R, (:), R2(¢) are determined from the total dis-
tance & along the fault of the initial end point (start)
of the given rupture and from the length of the rupture
and fault segments, by calculating Rem(j) for each seg-
ment j, where Rem(7) is defined as

for j<i<k.

Rem(j)= 6--:21 L(3), where L(0)=0.

The first segment containing the rupture beginning at
& is the segment j for which Rem(5)>0 and Rem(5+
1) €0. (For this j, R,(j) = Rem(s).) The segment
containing the final end point of a rupture of length [ is
determined similarly by substituting (6+) for (§) above.
If the rupture overlaps segment i, let D?(:) =square
of the closest distance from the site to the rupture on
gegment . If the rupture extends over several segments,
the value of D?(¢), that is the minimum for all such
segments, is required. D?(i) is defined as follows:

[Ry () - X ()2 +P()? if X (i) < Ra(3),
[X(:)—R2()]2+ P(s)? if X(3)>L(3),
P(5)? if Ry(s) < X(1) < Rz (3). A9
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D?(s) =



(Fx,Fy)

3 <
»),) {“1 Y

Ix,
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Figure A2. Fault segment and site. A original coordi-
nates, B relocated so that segment lies on X-axis. A Orig-
inal coordinates. Segment of fault extends from(z;,y,)
to (z2,y2): site is at (Fy, F,). Perpendicular from site
intersects extended fault line at (zs,ys). B Relocated.
Fault and site moved so that fault extends from (0.0} to
(L,0). Site moved to (X, P).

Thus, having calculated and saved L(s), P(s), X (5},
determining the (square of the) closest distance requires
only a simple computation for each fault segment that
the rupture overlaps.

Assigning the fractional seismicity (equation A3)
associated with a rupture to a single acceleration in-
terval results in chunks of seismicity in a set of inter-
vals. This means that the calculated acceleration den-
sities do not vary smoothly as a function of acceleration
level. In some cases, SEISRISK III can avoid doing cal-
culations for a distinct set of ruptures and instead di-
rectly calculate the fraction of ruptures of magnitude m
earthquakes that produce accelerations in each interval,
aj-3 < a <a;. When the more direct approach cannot
be employed, SEISRISK III calculates site-to-rupture
distance for n ruptures of magnitude m earthquakes,
evenly spaced along the fault (equation Al). If rupture
t is at distance d; from the site, and rupture 1+1 is
at distance d;yy from the site, SEISRISK III assumes a
fraction 1/n of the possible ruptures are in the distance
range d; < d < diy (assuming d; < diyy). It then finds
the accelerations a(:) and a(i+1) produced by magni-
tude m ruptures at distances d; and diy;. Assuming
a(i+1) < a; € a;4y < a(f), the fractional seismicity as-
signed to the acceleration interval a; <a<ay; is given
by

i1 —aj
a(i)—a(z+1)’
where C(t,m) is defined as in equation A3.

We next consider two cases in which a more direct
calculation of fractional accelerations can be done for
each acceleration interval. We use the notation and
definitions already developed.

Case 1. X(i) <0 for all 1<i<n (or L(z) < X(¢)
for all 1<i<n). The point on the rupture nearest the

C(i,m) (49)
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(X,P)

~(0,0) (L,0)

site is at one end of the rupture with the distance to
the site increasing (or decreasing) monotonically along
the rupture.

If X(¢) <O for all ¢, for any rupture overlapping
segments j through k, where j < k, then [Ry(j),0] is
the point closest to the site. Similarly if X (¢)> L() for
all ¢, then [R2(k),0] is the point of the rupture closest
to the site.

Assume X(i) <0, for all 1. (L(f) < X(z) could be
considered in a symmetrical argument.) In this case the
rupture point nearest to the site is R; (1) for the lowest
1 containing the rupture. Recall that, for a rupture of
length [, rupture centers may be located at any distance
d. along the fault for which

l l

-<d,<L— -
5 Sde<L—> (A10)

or, equivalently, the lowest end point of a rupture may
be at any distance é for which

0<6<L-1

The acceleration produced by a rupture of mag-
nitude m and length l;(m) decreases as the rupture
moves along the fault from a maximum acceleration
@maz[li(m)] for a rupture with closest end point at § =0
to a minimum acceleration amin|li(m)] for a rupture
with closest end point at § = L—I(m). Therefore, for an
acceleration interval such that

Aminlli(m)] £ 851 <a< a; < Gmas(ki(m))]
a corresponding interval exists along the fault
hm (7) S8 <hm(5-1)

for magnitude m earthquakes in which (closest) end
points of ruptures producing these accelerations may
be located. Because these ruptures are at a distance
din(7) £d<dpn(5—1) from the site,

[X(5)<0] (A11)

hm(3) = Vdm (5)? - P(i)?+ X (1);

hm (i —1)=Vdm(—1)>-P(i)2 + X (i).

(A12)



Ruptures at distance along the fault h,,(5) <6 <
hu (7 — 1) therefore contribute to accelerations in the
range a; ; <a <a, at the rate

hm(J' 1)

ey ) (ars

rat(a;, l;(m)]=p(m)
where f, p(i) and p(m) are defined as in equation A3.

For n rupture lengths, given that
li(m) > lz(m)...> 1, (m), (A14)

a corresponding section of fault 0 < § < L—{;(m) may
contain closest end points of ruptures and

L—l,(m)> L=l (m)>...>L—1;(m). (A15)
Now define

h .(J')={"m(1') if hn (5) < L—k(m)

™3 L-I;(m) otherwise, 1<i<n.

The total contribution to accelerations a; 3 <a<a; is
the sum over rupture lengths for magnitude m ruptures:

hm,t‘ (J._ 1) - km,i (.7)
L-I;(m)

rat(a) = p(m) i fp(i) (A16)

where hy, ;(0) =0

Thus, one need only compute one set of distances
hwm(7) per magnitude along the fault rather than re-
peating the process for each rupture length, so that

including rupture length variability in the calculation
does not substantially increase the computation time.

Tt T

lo'o’ --—-u-!lro'
0,0)-———————- {L.,0)
0,0— = —F——q,,0
rupture
R.(1)
____R’
[R 7 R:(2)
R.(3)———

R:(3)

Figure A3. Rupture overlaps three fault segments. Each
segment Is relocated to lie on the X-axis. End points of
the part of the rupture on segment ¢ are [Ry(z),0] and

[R2(3),0].

Case 2. The distance from the fault to the site de-
creases monotonically as one moves a distance d, along
the fault to some point on segment k [{Ii,0) in the new
system| and then increases steadily as one continues to
the other end. This corresponds to:

X(i)<0 for 1<i<k~1,
k=1

X(k)=Ii=d.— Y L(i),
+l

X(i))L[z') for k+1<i<n.

In this case, all ruptures of length [;(m) with mid-
points at a distance § along the fault

L (m) L (m)

do— <<d.+2 (A17)

overlap the point d. and hence are regarded as being at
the same closest distance from the site. The accelera-
tion at the site produced by these magnitude m ruptures
i8 the acceleration at distance P(k), the perpendicular
distance to the k** segment. Because ruptures cannot
extend past the end of the fault, the location of possible
rupture centers is restricted to a part of the fault and
the contribution at P(k) becomes

ratfa(s), ki(m)] = p(m) 3 2l =Dislm) o

i=1 L l( )
(418)
where
D, (m) = minfd, + 57, 507y (45
Di,(m) = max{a,— 507, ),

Now the bookkeeping becomes more complicated, but
we can look at all ruptures of length l;(m) with centers
at distance § on the fault

L (m) L (m)

<6<L- (A20)

and remove those already accounted for, those with cen-

ters
l-(m) l-(m)

de— <b<d + (A21)

The remaining ruptures may be separated into two sets:
those (if any) with centers

l'(m) <s<d,— kM (423)
2
and those for which
4, +5(m (;NJ SL_l.-(;ﬂ)_



The last two intervals correspond to ruptures whose
closest end points to the site are at §, where

min(l;(m),d.] <6 <d, (A24)
for one set of ruptures, and at
d. <6 <max[d,, L—l;(m)] (A25)

for the other set. These two sets of ruptures do not
overlap and the fault may be regarded as consisting of
two distinct segments in which the distance from the
rupture to the site decreases (or increases) monotoni-
cally as one moves along the fault. Hence, each of these
segments may be treated separately as in Case 1, and
the accelerations resulting from ruptures along these
segments may be added to those already accounted for.

APPENDIX B

Sample Inputs and Outputs

Sample inputs and outputs are provided in this ap-
pendix. An explanation of the input variables (file 15)
and formats is provided at the beginning of the program
listing in Appendix C.

The output file (file 16) gives ground-motion statis-
tics for each site. The site coordinates (longitude, lat-
itude) in decimal degrees appear first, followed by the
shortest distance from the site to the closest fault, Then
two arrays are given, one for zero attenuation variabil-
ity and one for attenuation variability ¢,. The columns

20 Seisrisk 111: A Computer Program for Seismic Hazard Estimation

in each array give for the ground-motion (g.m.) in the
" row:

occ/yr: occurrence rate per year of earthquakes
producing ground motions at the site in the
range g.m.(i—1) <g.m.<g.m.(i);

exc/yr: exceedance rate per year of g.m.(i);

r(events): the average number of events required

to produce an exceedance of g.m.(i),
total yearly events

exc/yr of g.m.(i) ’

r(yrs): return period in years,

r(events)=

r(yrs)= exc/yr of g.m.(i)’

Following the arrays is “total yearly events,” the
total number of earthquakes from all sources in this
run. This total should be nearly the same at all sites;
slight differences between sites are due to inaccuracies in
calculating fractional areas and assigning proportional
seismicity to these areas. Large differences probably
indicate an error in the computation.

The concluding lines for each site read
“xxx ext prob=yyy for zzz years”,

that is, xxx is the extreme probability that ground-
motion yyy will not be exceeded in zzz years.

Included also in this appendix are a listing of a pro-
gram to read (binary) output file 02 and the output of
that program for the sample problem. File 02 contains
only the summary information needed for mapping pur-
poses: site coordinates (long, lat) and ground-motions
calculated at the specified probability level for the times
of interest (for both zero-attenuation variability and one
value of og).
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APPENDIX C

Listing of Computer Program SEISRISK Il
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