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An Introduction to Probabilistic Seismic Hazard Analysis

R. K. McGuire* and W. J. Arabaszt

Abstract

Earthquakes and their accompanying narural hazards
(¢.g.. ground shaking, ground failure, surface faulting,
tectonic deformation, inundation) pose a widespread threat
to human activities and to man-made structures and fa-
cilities. Seismic hazard analysis, the quantitative esti-
mation of the hazard of earthquake ground shaking at a
site, provides valuable guidance for informed decision-
making on mitigating the carthquake threat. Recent
Twcthodologicnl advances in seismic hazard analysis al-
ow marked improvements in incorporating fundamental
input from geology, seismology, and earthquake engi-
meering into the analysis in an orderly way.

Rigorous estimations of seismic hazard (and of cor-,

responding “nsk™ of social or economic consequences)
require carefully prescribed models of the space, time,
and size distribuuon of earthquakes, together with models
of ground-motion attenuation with distance. Given these
inputs, up-to-datc probabilistic methods may be applied
10 compute the level of groundshaking hazard, expressed
as the probability of not exceeding some particular level
of ground motion at one or more sites during a time pe:
rlod of interest. Importantly, iliati ¥

portan the ?E:‘r,t:’ lis
proaches .8, Well-foundéd Dass for
ESiA Tl tod 0 Ao e T
certaintes arising from incomplete Ynowle ges To 1n-
terpret correctly the results of a probabilistic seismic
hazard analysis. it is nccessary to understana undertying

assumptions and the basic concepts of probability.

-

Introduction

Eurdiquakes pusc a widespeead threat to human activ-
ities and to man-made structures and facilities. The tuzat
primarily arises from natural hazards that accompany
carthquakes, notably ground shaking, ground failure,

surface faulting, tectonic deformation, and imundation.
The purpose of this paper is to present a tutorial into-
duction, together with an overview of state-of-the-art ap-
proaches, to seismic hazard analysis (SHA). Despite its
scemingly general meaning, SHA has come to have a

specific engineering connotation—namely, the quant-

tative estimation of the hazard of earthquake ground
shaking (ground motion) at a site. This 1s the sense with
which we use the term throughout this paper. Figure |
provides a conceptual guide.

The phenomenon of ground shaking is the most wide-
spread and damaging carthquake-related hazard. Its
characterization at one or more sites during any future
period of time is of fundamental importance. not only
for defensive engincering design, but also as a basis for
evaluating “risk,” i.e., the likelihood that social or eco-
nomic consequences will be suffered. SHA is relevant
to a broad spectrum of professionals. Our intended au-
dience for this tutorial includes earth scientists who would
typically be called upon to provide input for an SHA and
any decision maker (earth scientist or other) who needs
to understand not only te underlying assumptlons and
methodology of an SHA but also the correct interpre-
tation of its results.

‘I he specific focus of SHA upon the hazard of ground
shaking does not diminish the importance of other carth-
quaxe-related hazards. Rather, h recoginces il Uie uthes
hazards are localized and can be studied and delineated
by direct geological observabons (e.g.. Ziony and Yerkes,
1985). For 2 mare complete description of the various
hazards assoclated with earthquakes, we refer the reader
to Hays (1981) and Blair and Spangle (1979) for non-
technical explanartions, and to Zinny (1989) far an ex-
cellent, comprehensive case study of earthquake hazards
in southern California. The evaluation of any earthquake
hazard basically involves an assessment of the location,
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Probabilistic Seismic Hazard Analysis

Distribution In Space

Earthquakes naturally do not occur uniformly through-
qut an arcal source or on a fault in a given time period.
The modeled spatia) distributions should reflect the rel-
ative likelihood of occurrence in the future, much as a
probability of one-half reflects the likelihood that a flipped
coin will land heads-up. For an areal source the common
assumption is that earthquakes occur randomly in space
throughout the source and that the occurrence rate within
the source is constant (i.c., spatially homogeneous). Re-
cent innovations allow the seismicity parameters a and
b that we described carlier to vary spatially within a source
(EPRI, 1988). One might chnase, for example. to mimic
historical seismicity patterns. Advances in paleoseis-
mology and fault mechanics now allow, for some well-
studied foults, detailed specification of the location and
extent of rupture for future surface-faulting earthquakes
(see Crone and Omdsahl, 1987).

Size Distribution

Earlier we emphasized that earthquake magnitude is
the fundamental measure of size for a PSHA, and we
described the Guienberg-Richter relation for frequency
of occurrence versus magnitude. Some additional com-
ment on carthquake size is warranted. Conventional
magnitude scales measure carthquake size based on the
peak amplitude of seismic waves in a limited band of
period or frequency (Kanamori, 1983). For example,
Richter or local magnitude, M,, and body-wave mag-
nitude, m,, both are common measures of short-period
ground motion coincidentally of particular engineering
interest. The conventional scales “saturate” (i.e., reach
a limiting value) for large earthquakes when the fault
rupture length greatly exceeds the wavelength of the
seismic waves to which a particular scale is keyed. A
more untform and physically meaningful measure of the
strength of an earthquake source, particularly in terms
of fault slip and rupture dimension, is seismic moment,
M,, which can be converted into a “moment magnitude.”
MM, = (logM, — 16.1)/1.5) (Kanamori, 1983). These
concepts become important when considering the max-
imurn-size earthquake that must be specified for cach
source zone (see Coppersmith et al., 1987, regarding ap-
proaches to estimating the maximum earthquake).

Although the Gutenberg-Richter relation may ade-
quately describe the magnitude distribution for a region,
growing evidence suggests that it may not do so for in-
dividual faults. One distribution preferred for some ma-
jor faults is the “characteristic® magnitude model (Wes-
nousky ct al., 1983, and Youngs and Coppersmith, 1985).
One form of this model uses an exponenrial form as its
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basis, but adds a large mass of probability at the high
end (near the “characteristic” earthquake) to account for
the belief that earthquakes of a certain large size occur
more frequently than simple extrapolation from smaller
magnitudes would predict. These kinds of models have
been proposed for the San Andreas fault in Califomnia,
for the Wasatch fault in Utah, for intraplate faults in
Japan, and for subduction zones. Other magnitude dis-
tributions have been proposed in the literature (e.g.,
nonlinear exponential forms, extreme-value distribu-
tions. and others; see Anagnos and Kiremidjian, 1988),
but they are not generally used in PSHA because they
have not received wide recognition as being more ap-
propriate than the Gutenherg-Richter relation, and their
use generally has only a small effect on the calculated
hazard.

Earthquake-recurrence parameters for a fauli-specific
source can be derived, with certain assumptions, if the
long-term slip rate on the fault or fault segment is known
from tectonic or paleoscismologic studies (Schwartz and
Coppersmith, 1986, give an overview). In some arcas
where historical seismicity is inadequately documented
or absent, such an approach may be the only one avail-
able for characterizing earthquake recurrence on the fault
source. Elsewhere. the approach allows uscful compar-
ison with seismicity parameters computed from earth-
quake catalogs. We elaborate on the use of fault slip
rates for hazard analysis in the Current Issues in PSHA

section.

Time Distribution

The probability analysis that we are Interested in,
summarily described by the equation in Figure 5d. con-
tains an important term, v,, that relates to the time dis-
tribution of carthquakes. For a given source i, v, is the
mean rate of occurrence—or, equivalently, the expected
number—of future earthquakes of m, < m S m,,, per
time period 1. This expected number can be calculated
from any earthquake time distribution, or from an carth-
quake prediction. For earthquake main shocks in a re-
gion (i.e., excluding dependent events such as fore-
shocks and aftershocks), the most common assumption
is that successive earthquakes are random in ume and
tollow a Poisson process. Faor this reason, the Poisson
process is often considered a “standard assumption” of
a PSHA., but it is by no means a requirement. The anly
restriction is that the term v, represent the expected rate
of occurrence for wharever underlying time distribution
is used.

In a Poisson process, the events of a sequence occur
with no “memory” of the time, size, or location of pre-
ceding cvents, their interarrival times are exponentially



Lo
Probabllistic Selsmic Hazard Analysis

in which an instrument might be located (i.c¢., the type
and size of building and instrument location within the
building). These factors mean that some care needs to
be applied in selecting records far an empirical analysis
and in conducting the analysis itself. Campbell (1985)
presents & good ‘summary of issues related to deriving
cmphh.nl BIVU“J wiwliva WUAtisns far PEHA.

Equstions Based on Theory

In recent years ground-motion equations based on the-
ories of wave generation and transmission have gained
acceptance for PSHA. Notable among these is the band-
limited, white-noise model of ground motion, which ac-
curately predicts all measures of shaking (peak param-
eters as well as responsc spectra) as a function of the
moment and stress drop of the earthquake (Hanks and
McGuire, 198); Boore, 1983; McGuire et al., 1984).
These methods have become popular as the number of
strong-ground-motion records has increased, providing a
substantial data set to calibrate and venty these theoret-
ical models. They have some advantage over empirical
methods in that physical arguments can be used to pre-
dict the character of ground shaking where few data have
been recorded. However, the predictions must still be
rcgarded as extrapolations of the theary beyond where it
has been validated, until confirmatory records are ob-
tained.

Variability in Ground Motion

An important influence on seismic hazard is the vari-
ability in ground motion, that is, the scatter in ampli-
tudes around the best estimate for a given magnitude and
distance. This scetter is observed in all srong-motion
data sets, even when records have been normalized to
the same magnitude, distance, and recording site con-
ditions.

Causes of variability are randoraness in earthquake
properties from cvent to event, and uncertainty in prop-
erties of the transmission path and site conditions. Re-
garding randomness, no two earthquakes are identical in
terms of the rupture dynamics and the interference and
scattering of waves along the transmission path, even if
the same magnitude earthquake rcoccurs on a section of

an active fault. For all earthquake records, there is un-._ .,

certainty about the exact Influénce of crustal propertics
along the transmission path, and about-the néar-surface
soil or rock properties and their effects on ground-mo-
tion energy. Therefore, we treat different slies and re-
cordaing patns as the same, even hwuxly Uicy-have dif-
ferent effects on the recorded ground motion. All of these

-~
. 7

345

factors result in significant scatter in ground-motion am-
plitudes.

This ‘scatter is usually quantificd by the standard de-
viation of the logarithm of ground motion. Values (using
natural logarithms) in the range 0.4 to 0.5 are usually
reported for crapirical studies where a significant effort
has heen made In sategorize the recording-site condi-
tons accurately, and where distance to the fault rupture
surface is used as the distance measure. Early studies
reported larger seatter, ucually beciuse site conditinns
were not accounted for or known with certainty and be-
cause a less meaningful measure of distance was used.
A standard deviation of 0.4 10 0.5 for the natural loga-
rithm of a ground-motion parameter implics a coefficient
of variation (the standard deviation divided by the mean)
of a factor of 1,50 to-1.65. This significant variability
fundamentally affects the level of the calculated hazard.

Calculation of Seismic Hazard

In its simplcst expressions, selsmic hazard is repre-
sented by three quantitics: an amplitude of ground mo-
tion, a time period of interest. and a probability that the
ampliude will be exceeded during that time period.
Seismic hazard curves present a series of such results for
diffcreat amplitudes, and seismic hazard maps present &
set of amplitudes at different locations for which the
probability ‘and time period are constant.

The seismic hazard calculaton is represented by the
equation with a double integral in part d of Figure 5.
The probability of exceeding a ground-motion amphtude
a* 15 calculated for one possible carthquake magnitude
and location, that result is multiphied by the probability
of occurrence of that magnitude at that location. and this
process is repeated for all possible magnitudes and .lo-
cations. In general, these probabilities are calculated on
an annual basis, i.c., the time period 1s one year. (This
is not a restrictive assumnption; the results can be trans-
lated rather easily to other ume periods.) Because our
usual interest is in low probability events, the total an-
nual probability of exceeding some amplirude a* is the
sum of annual probabilitics from all possible earth-
quakes. This simple method for calculations is the center
of all seismic hazard results. -

The seismic hazard calculation integrates over all pos-
sible carthquakes and produces a composite probability
of exceedance which is both a strength and a limitation.
On the positive side, all earthquakes arc considered and
arc weighted by their relative probabilities of occur-
rence; rare, strong carthquakes are considered in the ap-
propsints relntionthip to frequent, wrak carthquakes, On
the negative side, a single influential earthquake cannot
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