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INTRODUCTION

The importance of the earthquake hazard in the management of radioactive
waste is a problem that has received ;elatively little attention. The long
time periods involved in waste storage (millions of years) obviously make the
evaluation of the seismic hazard and risk especially difficult. Seismic
hazard is taken here to mean any physical phenomena (e.g. ground shaking,
ground failure) associated with an earthquake which may produce adverse
effects on human activities. Seismic risk is the probability that social or
economic consequences of earthquakes will equal or exceed specified values at
a site, at several sites, or in an area, during a specified exposure time*.

The seismic risk may occur in several ways: (1) strong ground shaking
may result in direct failure of the waste container; (2) strong ground shaking
may cause failure of the rock surrounding the container and subsequently cause
the container to fail; (3) faulting may cause the container to fail.
Obviously, these effects may occur in various combinations. Seismic design
criteria must be developed and incorporated into‘the design of facilities for
any site under consideration for waste disposal.

SCOPE

This report is limited to a consideration of the earthquake ground
shaking hazard. The hazard associated with ground failures of various kinds
and faulting is not considered directly. Faulting is, however, considered

with regard to its effect on the distribution of ground shaking.

*The definitions of seismic hazard and risk used here are those suggested by

the Seismic Risk Committee of the Earthquake Engineering Research Institute.



OBJECTIVE

The objective of this study is to investigate the usefulness of
probabilistic methods of earthquake hazard analysis when applied to the long
exposure times of interest in waste disposal. Probabilistic methods are
currently widely used to estimate the level of ground motion for relatively
short exposure times of the order of 10-200 years at a site or over a
region. Some level of risk is associated with every site (ie, no sites are
"absolutely safe"). Probablistic methods of risk analysis, if indeed they can
be applied over long exposure times, would provide a convenience method of
evaluating the risk at a proposed site or for the selection of the best site

in a particular region.



APPROACH

Introduction

Historically, both deterministic and probabilistic methods have been used
to estimate seismic hazard. The use of the deterministic approach for the
estimation of seismic hazard at a site or over a region essentially involves
the use of the mean value (or some other measure) of each parameter in the
analysis. These "deterministic™ values of each parameter are then analyzed to
produce an estimate of hazard. The estimate is a single valued function of
time. For a stochastic process, the estimate of hazard is a distribution
function which contains time as a parameter. Unfortunately deterministic
hazard analyses has led to the use of terms such as "maximum credible
earthquake” or "maximum credible acceleration". While these terms might be
useful if well defined, they have, in general, not been carefully used in the
literature. There use is discouraged.* From a practical point of view, the
use of such terms as "maximum credible earthquake” are troublesome because
they provide no systematic estimate of the uncertainty in the result. This is
a criticism that can be made of most deterministic estimates of seismic

hazard.

*A recent report (1979) by the Seismic Risk Committee of the Earthquake
Engineering Research Institute recommends that terms of this kind be

abandoned.



The process that results in the occurrence of an earthquake (or any
process) can be described in two ways, either by its history or by its
dynamics. Both ways. are equivalent. If we know the complete history of the
process, it is unneceésary to know (or understand) the dynamics of the
process. Conversely, nothing need be known about the history of a process if
the dynamics of the process are completely understood. Our understandings of
the dynamics of earthquake occurrence is, at present, quite incomplete while
the historical record of earthquake occurrence is similarly incomplete. We
are therefore forced to use simple models of earthquake dynamics together with
limited data on the historical occurrence of earthquakes to estimate
parameters of interest for the engineering design of structures and for
decision making. The earthquake process is therefore best treated as a

probabilistic phenomena for the purpose of estimating-earthquake hazard.



A probabilistic estimate of ground motion in the contiguous United States
was published by Algermissen and Perkins in 1976. The quantity mapped is the
maximum acceleration in rock in a 50 year period at the 90 percent probability
level (fig. 1). The basic assumptions in preparing the map are that: (1) the
earthquakes are a Poisson process in time and the magnitude and location of
successive events are independent; (2) the earthquakes are exponentially
distributed with magnitude with the distribution being truncated at
appropriate upper and lower magnitude levels; and (3) earthquake activity can
be grouped into "seismic source areas" (fig. 2).. Earthquake magnitude
distributions are developed for each of the seismic source areas. The
earthquakes are assumed to occur with equal probability anywhere within each
source area. A more complete discussion of the assumptions and details of the
hazard assessmeng are given by Algermissen and Perkins (1976). The
uncertainty in the model parameters were not included in the hazard
calculation although a discussion of the effects of parameter uncertainty was
included in the original paper using variational techniques. Parameter
variability has been expanded upon in a subsequent paper by Perkins (1978).
Parameter variability is an important consideration in hazard analysis when
long exposure times are considered. Figure 3 shows the principal steps in the
calculation of acceleration values for the Algermissen~Perkins map. Known
historical or postulated earthquake activity is grouped into seismic source
areas as idealized in figure 3a. The magnitude distribution of earthquakes in
each source area is determined (fig. 3b). The occurrence of earthquakes
within each source zone is assumed to be equally likely at any location in the
source zone. This is shown schematically in figure 3a by dividing each of the
source areas up into a number of small cells, each of equal area. Assuming a

uniform spatial distribution of earthquakes within each source zone and
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Figure 2 .--Elements of the hazard calculation:

(A) Typical source areas and grid of points at which the hazard is to be
computed.

(B) Statistical analysis of seismicity data and typical attenuation curves.
(C) Cumulative conditional probability distribution of acceleration.

(D) The extreme probability F

t(a) for various accelerations and
exposure times (T).
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suitable attenuation functions, (acceleration attenuation functions are shown
in fig. 3b), the cumulative conditional probability distribution F(a) of the
ground motion (acceleration in this case) is computed for every site of
interest. This is essentially the ground motion history of each site derived
from a specific magnitude distribution of earthquakes modeled in each source
zone. Further assuming that the earthquakes occur according to a Poisson
process in time, the extreme cumulative probability is given by

-¢t[1~-F(a)]
e

F (a) = (1)

mx, t

where t = period of interest (exposure time)

a = ground motion parameter (accleration, in this case)
¢ = mean rate of occurrence of earthquakes
F(a) = cumulative conditional probability distribution.



Figure 3d shows some idealized plots of me,t (a) versus acceleration for
various values of t (t = T, 2T, 4T, etec). The extreme probability for any
level of acceleration can be obtained from a graph of the type shown in
figure 3d. Conversely, the maximum acceleration associated with any level of
extreme probability and exposure time can also be obtained.

Another quantity, the return period is sometimes used in expressions of
probablistic hazard. The return period of a particular level of ground motion
is the average length of time necessary to produce that particular ground
motions Implicit in the definition of return period is the requirement that a
long time interval may be necessary to obtain an average which approximates
the return period, since earthquakes, especially large earthquakes, are
comparatively rare events. In addition, confusion seems to arise in the use
of return period because a common belief is that a return period of RP years
implies a cyclic reoccurrence of earthquakes. If the earthquake occurrences
closely resemble a Poisson process, as has been shown for southern California
(Gardner and Knopoff, 1974), the earthquakes may appear to be clustered since
for a Poisson model there are more short intervals between events than long
intervals.

The return period RP, assuming a Poisson model, is related to the extreme

probability F

nx. t (a) and the exposure time T by:
’

Bl

me,t(a) = e (2)

or:

_ T
In [me’t(a)]

RP (3



For the Algermissen~Perkins map of the United States, the extreme probability

is 0.90 and the exposure time is 50 years. The return period is then

50 _ 50

RP =10 (900 = ~1054

= 475 years 4)

The map prepared by Algermissen and Perkins was subsequently used as the
basis for the estimation of ground motion for earthquake resistant design by

the Applied Technology Council (1978).



Parameters in Hazard Analyses

Central to an evaluation of the usefulness of probabilistic hazard
analyses for long exposure times is a consideration of the parameters that are
used in the analysis and the uncertainty associated with each parameter. In
addition, uncertainty in any parameter must be considered in terms of the
techniques and computer programs currently available to analyze the effect of
particular uncertainties. The effects of parameter uncertainties is discussed
here principally in the context of a computer program originally developed by
McGuire (1978). This computer program has been extensively modified
(principally by Bernice Bender and Michael McGrath of the U.S. Geological
Survey) to improve its operational efficiency and in some instances to correct
minor errors in the computional procedures. The computer program used does
not permit the explicit inclusion of probability distributiqns for all
parameters in the hazard analysis. Table 1 lists the parameters used in the
hazard analysis, the treatment of variability and related data about the
program. The discussion of the treatment of parameters and their uncertainty
that follows is designed to relate to the computer program and, it is hoped,
provides some insight into various aspects of the problem of parameter

variability.
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Seismicity: The spatial, temporal and size distribution of earthquakes
are important parameters in hazard estimation. Normally, historical
seismicity is grouped spatially into "seismic source zones”, that is, areas
that are believed to be seismotectonically similar (for an example and
discussion see figure 2 and Algermissen and Perkins, 1976). Within each zone
the "size" distribution is taken as (Richter, 1958).

logyg np = a—bM (5)
where n 1is the number of earthquakes with magnitudes greater than or equal to
M in a source area and a and b are constants characteristic of the source area
examined. The temporal seismicity distribution considered is Poissonian, that

is, the events occur randomly in time with mean rate ¢é. The computer program

does not have a provision for the treatment of uncertainty in the spatial or

magnitude distribution of seismicity. The program does permit the use of a

discrete distribution rather than a point estimate for the maximum possible
magnitude M assumed for each source zone. Thus, uncertainties in the maximum
magnitude, if known or estimated using professional judgment, may be expressed
in the program by assigning discrete probabilities to various estimates of the
maximum magnitude. For example one might estimate%that the probability is
around .7 that the maximum magnitude in a particular zone is 7.0 and .3 that

the maximum magnitude is 8.0.
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Fault rupture length: The rupture length and orientation of the rupture

during an earthquake may be an important parameter for earthquakes with
magnitudes greater than 6.5-7.0. Algermissen and Perkins (1976) in their
United States map use finite rupture lengths for large earthquakes in
California and point sources elsewhere in the country. There is a question
concerning the importance of fault rupture length in the eastern United
States. Evernden (1975) believes that the length of faulting in the east is
relatively short compared with earthquakes in California and Nevada. If this
hypothesis is true, fault length would not be a significant factor in
estimating ground motion for earthquakes in the east.
The fault length-magnitude relationship is usually taken to be of the

form

logjgl = c +d M (6)
where L is length, M is magnitude and ¢ and d are constants. The program can
consider the distribution of the rupture lengths to be lognormal, that is, the
logarithm of the lengths are normally distributed, or use only the mean value
of L given by expression (6). It does allow for uncertainties in strike of

the faulting.

11



Attenuation: Attenuation of ground motion (however specified) from the
earthquake source zones to any site of interest is one of the most troublesome
parameters in probabilistic hazard analysis. McGuire (1976) assembled a
representative list of attenuation relationships. It is included here in a
somewhat abstracted and updated form to illustrate the diversity of
attenuation relations that have been developed and which, for the most part
are derived from approximately the same data sets (table 2). The mean
attenuation of acceleration, velocity or displacement is commonly (but not

exclusively) represented by an expression of the form

b.M -b
G = b,e 2 R 3 (7)

where G is acceleration, velocity or displacement that is supposed to occur at
a site underlain by a "standard” material such as "hardrock”, "stiff soil”,
etc. and R is defined as either the hypocentral or epicentral distance.
Equation (7) is often modified by replacing R by R+r in order to limit ground
motions at small distances. When the form shown in equation (7) is used to
represent ground motions such as accelerations, velocity or displacement, the
ground motion is assumed to be lognormally distributed. If ground motion is
represented as Modified Mercalli intensity (MMI) an attenuation rglationship
of the form

Ig=C +Cy I +Cq1n (R + 1) (8)
is representative. I, is the maximum MMI and R is the distance from the
center of strong shaking to the site and r; is a constant used to limit the
values of I at small distances. MMI values are assumed fo be normally
distributed (rather than lognormally). The computer programs allow for the

inclusion of uncertainty in attenuation.

12
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For attenuation and for fault rupture length uncertainties, the

assumption of a distribution (lognormal or normal), in addition to the mean

and the standard deviation are sufficient to specify the uncertainty.

Unfortunately, the means and standard deviations of some very useful

attenuation relationships are not readily available because
curves have been published as empirical curves. An example
acceleration attenuation curves of Schnabel and Seed (1973)
Algermissen and Perkins (1976) for their United States map.
type are used, the empirical curve can be assumed to be the
standard deviation approximated, using a standard deviation

obtained by analytical curve fitting of similar data sets.

the attenuation

is the

which were used by
If curves of this

mean and the

similar to one

This procedure is

not very rigorous but it provides a useful estimate of the uncertainty in such

attenuation curves. In the computer program used in this study, the

attenuation distribution is truncated for values larger than two standard

deviation.

13



Standard deviations of attenuation curves tend to be large for several
reasons. All measurements of ground motion, whether instrumental or
observational, are influenced by site amplification effects. Site
amplification may generally be taken to mean the modification of ground motion
characteristics caused by the properties and layering of material for roughly
the first hundred meters beneath a site. These effects are difficult to
remove from attenuation data because normally there are insufficient
geotechnical data available on the properties of the soil and rock underlying
the sites at which strong motion is recorded to accurately estimate the site
effect. In addition, radiation of seismic energy from a fault results in a
complicated pattern of ground motion which contribute to large standard
deviations for attenuation data when ground motion attenuation is approximated

by relatively simple attenuation relations such as those in Table 2.

14



Site Amplification: The response of materials beneath a site of interest

greatly affects the resulting ground motions at the site. As already
discussed, this effect is not normally taken into account in regional ha;ard
mapping. It should be clearly understood that site effects may be large and
must be evaluated at some stage of the hazard evaluation.

Probabilistic Models

Selected seismic source zones of Algermissen and Perkins (1976) are used
(fige 2) to investigate the levels of ground motion that would be obtained
throughout the United States if the general approach to hazard analyses used
by them for an exposure time of 50 years is extended to véry long exposure
times (of the order of 100,000 years). The importance of parameter
variability in probabilistic hazard analysis is given particular attention.
Simple, single fault models are used to estimate long term hazard in areas
where this approach seemed appropriate. In all cases the temporal model of
earthquake occurrence is Poissonian, there being no particularly reliable data
available that would warrant the use of a time dependent model. The
Algermissen—-Perkins seismic source zones are used so that the ground motion
levels obtained for long exposure times could be compared with their hazard
map of the United States. The seismic source zones used are shown in
figures 1 and 2 together with the locations gonsidered for other special

studies.

15



NORTH

12 PARALLEL FAULTS
15 km APART ;

6 PARALLEL FAULTS

10 km APART .
2 PARALLEL FAULTS
10 km APART
12 3 |.1 2 3
[ ) N ® [ ]
SAN ANDREAS FAULT
WASATCH FAULT CENTRAL NEVADA

0 500 km
1 | ] 1 3

Figure 3.--Geometry of faults used to model the seismic source areas and
other areas shown in figures 1 and 2. Additional data on the models
are displayed in Table 3. The faults are oriented correctly geographically.
The points and numbers refer to sites at which the hazard was computed.
The faults shown for zones 57, 61, and 65 model these zones quite
accurately; because of the complicated geometry of zone 69, only the
central portion of the zone is modeled by the faults shown.



ESTIMATION OF LONG TERM HAZARD

Probabilistic estimates of acceleration in rock for exposure times of
from 10 to 100,000 years (return periods of from 95 to 950,000 years) were
computed both with and without attenuation and fault rupture length
variability for eight different geographical areas of the United States. The
geographical areas considered and the models used for the hazard calculations
are listed in Table 3 and shown in figures 1 and 2. The geometry of the
faults used for modeling are shown in figure 4. Three acceleration
attenuation relations were used: (1) the empirical curves of Schnabel and
Seed (1973); (2) the Schnabel and Seed curves as modified for the eastern
United States by Algermissen and Perkins (1976); and (3) 1n a, = 3.4 + 0.89 M
- 1.17 In R, (McGuire, 1978) where ag is acceleration in cm/secz, M is
magnitude and R, is the distance from the site to the nearest point of fault
rupture. The attenuation curves are shown in figure 5. The standard
deviation for acceleration was taken to be o¢=.62 and the standard deviation
for fault rupture length was taken as gy=.52 (McGuire, 1979).

Each of the seismic areas modeled is discussed individually.

16
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Seismic Source Zone 57

Zone 57 is a zone of low seismicity (see table 3) in east Texas and
western Louisiana. Examination of figures 1 and 2 shows that the level of
historical seismicity in the zone was insufficient to produce accelerations
equal to or greater than 0.04 g and thus the effects of the zone do not result
in any contours on the Algermissen~Perkins map. The accelerations at site 1,
at the center of zone 57, and site 2, 50 km outside the zone (see figs. 1, 2,
and 4), for exposure times from 10 to 100,000 years are shown in figure 6.

The probability that the acceleration will not be exceeded is 90 percent. The
Schnabel and Seed (1973) attenuation curves modified for the eastern United
States (fig. 5) were used and accelerations were computed both with and
without parameter variability included. The four curves in figure 6 show
several interesting properties of seismic hazard. Note that the acceleration
curves for sites 1 and 2 computed without attenuation and fault rupture
variability included approach constant values of acceleration for exposure
times of more than about 10,000 years (curves 2 and 4, fig. 6). Accelerations
at site 2 (outside the source area) approach a relatively constant value at
slightly lesser exposure times than site 1 (inside the source area).

The curves computed with variability do not approach a limiting value of
ground motion even for an exposure time of 100,000 years. For an exposure
time of 100,000 years the acceleration at site 1 computed including parameter
variability is 3.9 larger than the acceleration computed when parameter
varaibility is not included (.97 g compared with .25 g). The conclusion is
that even for a very minor zone of seismicity and the magnitude distribution
bounded at 5.8, accelerations at sites within the zone reach large values when
attenuation and fault rupture length variability are included in the hazard

calculation.

17



" " “ *T
b
Y3duay uy
Uy 0S¢ yoeo
pue Jaede
WY Sz ‘s3yney
"**t°19 3NOZ 107 se sosws T 9921 0920°0 S/ 12T1kaed 41 ‘T
. (euttoaE) +0g)
$9 aNoZ
(8261)
“ " " 231090y " " “ " B
P2T37pou
(€L6T) posg
" " " ¥ T2qeuyog " " " " a4
Y38uay uy
Wi 00¢ yowa
Pu® 3awde
(€L61) posg W 5z ‘s3Tne;
[4 91} C 6T) yaey 290 ¥ 13qeuysg 66°T 0soz-0 St T2TTeaed g °T1
(¥anossyy I8B3-Y3nog)
19 anNoz
(8£6T)
N " " 311n9dy " " " " 't
P2133pou .
(€£6T) paog
“ “ " 3 I2qeuyog " " “ " '
Y3duoy uy
Uy ¢z yowa
Pue jaede
. (€£6T1) poag UY ¢z ‘s3rney
26°0 (LL61) yaey 29°0 ¥ 13qeuyog 0112 €810°0 8¢ T211RIed g 1
chcwﬂmwsoqlmwxuhv
LS 3ANOZ
---«.nn«.nnu.y-|u-nnnc:nununonunslllcxlllnnl.coollnul.u.|¢|u4¢|n.onu;«|||u||||c|||.|||||:||||.||||||||:|i|:||||n||un||s1||v1||'»'|:|||n|u|||||||||||||||||||||||||u|||
!
¢ 0 uojeial wmo uoyjeTa] - 2* xu Topoy saaquny
IIney U0} Junuaggy :o~uw~=u~wo
) Pue vaay
UoTIeWT Ny paezey wid1-8uoq 403 pojoatag SI23j9wwiry pup 812poy ‘seaay Ted3ydeagoan

£ 21qyy



(panut3uo))-—¢ a1qeEl

" “ " (8£61) 231K . “ " “ T
4y3j3uat
(EL6T) PIsg U Wy 07T
50 (LL6T) Aael 79°0 . 3 13qeuysg 0922 [4: 140} L ‘3tney 3y8uig T
VAVAEN TVYINZD
“ “ “ (846T) daIn9dH “ . “ “ *T
y38uay
uy uwy QSg
1[ne3j °18uys
(€L6T) P23 ® SB payopouw
(4] (LL6T) MR 290 9 T3qeuydg 60960 18€2°0 Sl 3Iney ydjesep °T
HVin
" “ “ (8£6T) *aTn9dRK “ “ “ “ i
pa1jtpou
(€L61) P393s
“ " " 9 T9qrUydg “ " L " ‘€
" “ “ (8£6T) ®31n93K " " “ " T
yaguay
ut wy 0zt
pPaT3TpoU 3Ine3 a18uls
(€L61) Pa3g B se paTapou
[4 9] LL6T) MIEH 79°0 % Toqeuydg 089°T 0090°0 $°S 31nej odeuey ‘T
A3SYAL MAN
y38uay uj
wi 00T yoee
pue 3Jlede
wy gz ‘sIinej
.0......00.‘......”@ mzon Qq Qucwo UEﬂw- LE NN NI NN NNN] oleN mﬁﬂOQO OQB ﬂo.ﬂ;ﬂm“wa m .H
(pueidug may)
69 AN0Z
nao uoyIeTRa qwo uoy3Ieya ¢d 2? xu,, Topol s1aquny
3Iney uoj3enua3yy uoI3EINOTED
pue eaay



*.593815 PalTYq

u1235E3 BY3 UJ @SN 103 (9/6]) BUINIAd PUE U3ssIWIABTY 4q padO3A3P LOTIPIATAIVE I0F SIAIND UOTIENUIIIE IYI SUBAW PaATFTPOW (£L61) PRIS Pue Taqeuyas,y

*3jeWy1sa ue LU0 S8}

%

¢83A1IND paag pue 1aqeBUYDG 3yl 104

*y38ua1 sanjdni 3Tnej 103J Pasn UOTIBJA3P pIBpPUEIS ayrc

*UOTIENU3IIE UOTITIITIIOR J0j PISN UOTIBTAIP Pirpuels ayl,

*(01 23ed aas) W ueyl 123e318 10 o3 T1enba sajyenbylaea jo Jaqunu a3yl ST N *(9661 ‘2°2I4dTY 9 313quainn) W q-B = N BOT 3aaym (Q)(Q1 ul) = mm

250

*z 2an313 uy painydey UMOYs 31e Pasn §3u0z 3yl °*(9/6]) SUTXASd pue ulssTwiady £q pasn sauoz a2INOS JTWSFIS 03 13331 ,83UOZ

(LL61) Haen

29°1

*p apniyuBew ueyl 1932223 3yney aad aead aad sayenbyjaes jo aqunu ayL,

088°1
9€0°2
(€L6T) Pavg 65 1
g 13qeuYydg LTl

(panujjuo))-~¢ 31qel

(isea 03

3Sam woa1j s8auoz 10j]
usaajd s, g puv s, ¢)

8600°0
S611°0
1620°1
%180°0

5°8

£3727ws13s
juasefpe
pue 3Ine’
SBaIpUy ues

1

T
VINYO41VD TVHINID



ACCELERATION (%g)

10

1.0

100 —

.010 —

001 , . ,
10 100 1,000 10,000 100,000

EXPOSURE TIME (YEARS)

Figure 5.--Accleration in rock at sites 1 and 2; seismic source zone 57, 90 percent
probability of not being exceeded, Schnabel and Seed (1973) attenuation
modified for the eastern United States. Curves 1 and 2: Hazard at site 1
with and without parameter uncertainty. Curves 3 and 4: Hazard at site 2
with and without parameter uncertainty.



Seismic Source Zone 61

The great seismic events of 1811 and 1812 occurred within zone 61l. The
zone is one of current moderate seismicity. Figure 7 shows the hazard at five
sites using the Séhnabel and Seed (1973) attenuation curves modified for use
in the eastern United States. The hazard at site 2 is also shown with
parameter variability included using both the Schnabel and Seed eastern curves
and the McGuire (1978) curves. The two curves (2a and 2b in fig. 6) are quite
similar. This similarity does not necessarily hold for all sites. Site 2 is
in a distance range from the seismic source in which the two different
attenuation curves (see fig. 5) produce roughly comparable values of
acceleration. For sites close to the source, the McGuire curves yield much
larger accelerations. Note that for site 2 (outside the source zone) the
accelerations (with variability included) for exposure time greater than about
3,000 years are greater than the acceleration for site 1 (inside the source
zone) when parameter variability is not included. Curves 4 and 5 in figure 7
show the ground motion at two sites in iine with the strike of the faults.
Sites 2 and 4 are the same distance from faulting, and sites 3 and 5 are the
same distance from faulting, but the geometrical relation of sites 4 and 5 to
the faults is different than sites 2 and 3. Sites 4 and 5 would have
considerably lower values of acceleration if a point source model for faulting

had been used for probabilistic hazard calculations.
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Seismic Source Zones 65 and 69

The Charleston, South Carolina earthquake of 1886 occurred within
zone 65. The area has been one of minor seismicity since that time. Zone 69
is a zone of moderate seismicity across New England together with a portion of
the seismically active St. Lawrence Valley and eastern Canada. Figure 8 shows
the acceleration at site 2 with and without parameter uncertainty. Zones 65
and 69 have similar characteristics and similar seismic hazards associated
with them.

Ramapo Fault

The Ramapo fault, which bounds the Triassic-Jurassic Newark graben has
recently been discussed in some detail by Aggarawal and Sykes (1978). Using
their data for ¢ and B (table 3), the hazard associated with the Ramapo fault
was computed at distances of 12.5, 50 and 100 km from the fault on a line
perpendicular to the fault. Two separate assumptions were made about the
maximum magnitude that might occur on the fault: (1) a magnitude of 5.5 which
is consistant with the known historical maximum magnitude on the fault; and
(2) a magnitude of 7.5 which might be regarded as a reasonable upper bound for
earthquakes in this area of the country. Figure 9 shows accelerations plotted
along the profile using a variety of assumptions. The curves show some
additional important features of probabilistic hazard calculations. The 50_
year exposure time hazard profiles are consistent with values on the
Algermissen and Perkins (1976) United States hazard map. Different
attenuation curves give reasonably compatible results when parameter
uncertainty is included in the computation. If parameter uncertainty is
included and it is assumed that a magnitude 7.5 fault can be generated on the
Ramapo fault, the long term (100,000 year exposure time) hazard becomes very

large at the fault, although it drops off rapidly away from the fault.
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Figure 8.--Acceleration in rock at three sites along a profile perpendicular

to the Ramapo fault. 90 percent probability of not being exceeded in

50 years. Curves 1, 2, 3, 4, 6, 8, and 9 are computed using the Schnabel
and Seed (1973) attenuation curves modified for use in the eastern United
States. Curves 5 and 7 are computed using McGuire's (1978) attenuation.

Curves 1, 5, and 8 do not include parameter uncertainty; curve 2 includes
only fault rupture length uncertainty; curve 3 includes only attenuation

uncertainty; curves 4, 6, 7, and 9 include both fault rupture length and

attenuation uncertainty. Curves 1 through 5 computed assuming a maximum
magnitude of 5.5. Curves 6, 7, 8, and 9 computed assuming a maximum

macnttriide nf 7 §



Wasatch Fault, Central Nevada and the San Andreas Fault

Figure 9 illustrates the change of hazard with exposure time for three
additional seismotectonic settings: (1) the Wasatch fault; (2) a hypothgtical
fault in central Nevada; and (3) the San Andreas fault in central ‘
California. Values of ¢ and B on the Wasatch fault were assigned taking into
account both historical seismicity and recent information concerning Holocene
fault slip (Bucknam, Algermissen, and Anderson, 1979). In Nevada, ¢ andB
were derived from the data of Algermissen and Perkins (1976) for their seismic
source zone 9 (fig. 2).

It is interesting to note that if an alternate procedure is used and the
seismic activity ¢ and the rate B are obtained from a consideration of
Holocene fault slip rates found over a broad area of Nevada (Wallace, 1978)
combined with an analysis of historical seismicity over the same broad area,
it is possible to obtain a value of ¢ for this broad area that is quite
similar to the value of ¢ determined from a rather short historical record of
seismic activity on the Ramapo fault. If this alternate approach is correct
the conclusion would be that over a very restricted area in northern New
Jersey and southern New York the seismic hazard would be approximately the
same as over large portions of Nevada and possibly Utah. The conclusion
depends heavily on the assumption that it is.possible for an earthquake as
large as magnitude 7.5 to occur on the Ramapo fault.

The San Andreas fault was modeled by making use of the statistical data

on California earthquakes used by ‘Algermissen and Perkins (1976).
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Figure 10 shows a comparison of the hazard computed for the three areas
computed for exposure times from 10 to 100,000 years. The behavior of the
acceleration values for long exposure times is approximately the same as for
the zones in the midwest and eastern part of the country with the exception
that the hazard curves approach more or less constant values of acceleration
at shorter exposure times (100-200 years) than for areas in the eastern United
States. This occurs because of the somewhat higher levels of seismic activity

in the western part of the country.
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DISCUSSION

The data assembled in Tables 4 and 5 is an effort to summarize the
behavior of the acceleration hazard computed for eight models and a wide range
of exposure times. Table 4 contains a comparison of magimum accelerations
computed for all of the models. The acceleration values given in the table
are the 50 year exposure time accelerations at the 90 percent probability
level and the ragio of the 1,000 and 100,000 year exposure time accelerations
to the 50 year values. These values are all given both with and without
parameter uncertainty. Table 5 contains the same comparisons for
accelerations at sites outside each seismic source zone or, in the case of
fault models, at a distance of 100 km from the fault. The interpretation of
the data in the two tables is complicated by several factors. For example,
ratio of the 1,000 year hazard to the 50 year hazard appears to be a much more
stable quantity than the ratio of the 100,000 year hazard to the 50 year
hazard. This result is due in part to the difficult problem of actually
computing the probabilistic ground motion for very long exposure time.
Several changes were made in the available computer program during the course
of this study to improve the resolution of the program f&r long exposure times
but additional program refinements are required. In addition, accelerations
at long exposure times computed outside the source areas or at some distance
from the fault models are more stable than those computed for sites close to
the fault model or within the source zone. This may be in part related to the
problem of interpolating the attenuation tables used for large accelerations

at short distances. Despite the computational problems, some trends emerge.
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It 1s clear from the results obtained from all of the models that
accelerations approach a constant value for much shorter exposure times when
parameter variability is not included in the hazard computation. To
illustrate this result in a summary manner, accelerations were computed for an
idealized model: two parallel faults, each 300 km long, separated by 20 km.
The value of B8 was set at 2.0 and the maximum magnitude was taken to be 8.5.
The rate of earthquake activity, ¢, was varied from .00l to 1.5 earthquakes
greater than magnitude 4.0 per year per fault. The accelerations obtained
with and without including parameter uncertainty for a site midway between the
two faults are shown in figure 11 and 12. The accelerations without parameter
variability are shown in figure 12. The limiting values of acceleration (for
exposure times greater than 100,000 years) for the set of curves that do not
include parameter uncertainty (figure 12) are nearly an order of magnitude
less than those that include parameter uncertainty (figure 11). For a site
110 km from the site shown in figures 11 and 12 and perpendicular to the
faults the limiting values of acceleration for long exposure times (greater
than 100,000 years) are much less. For ¢=.5, the acceleration for an exposure
time of 500,000 years with parameter uncertainty included is about 0.6 g;
without parameter uncertainty, the acceleration is about 0.1 g. Thus, for
sites removed a reasonable distance from earthquake sources, the accelerations

are much lower.
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For consideration of the earthquake ground shaking hazard for long
exposure times, how suitable are probabilistic estimates obtained without
explicit inclusion of parameter uncertainties? McGuire (1979) has pointed out

that for best (mean value) estimates of the seismic hazard, inclusion of

uncertainties in most parameters is unnecessary. This is particularly true
for sites specially selected for storage of dangerous material. For selected
sites, it is possible to reduce the uncertainty associated with attenuation of
ground motion by special site studies. Careful geological investigations can
reduce the possibility of a site being chosen near an "active"” fault systen,
however "active” is defined.

Another consideration is the suitability of peak acceleration as a
measure of the ground shaking hazard at a site. The ground motion parameters
needed to specify, in detail, the hazard associated with a waste disposal site
cannot be defined unless the specific characteristics of the disposal facility
are known. However, McGuire and Hanks (1979) have shown that RMS acceleration
is proportional to peak acceleration and consequently it appears that peak
acceleration, if not an optimal parameter for long term hazard assessment, is

at least suitable for this preliminary study.
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CONCLUSIONS

This report is concerned with only one small aspect of the estimation‘of
ground motion over long time intervals namely, an evaluation of the usefulness
of conventional methods of probabilistic hazard analysis to long term hazard
estimation. While there are many aspects of the problem that will require
additional study, some conclusions are possible.

1. The computer program used in this study was designed to compute
probabilistic ground motions for relatively short exposure times, of the order
of less than a few hundred years. While a number of modifications have been
made to the program to extend the exposure time so that estimates of ground
motion can be made for much longer exposure times, the program may still
require additional refinements.

2. Estimates of ground acceleration do not approach limiting values of
acceleration for the range of seismic activity present in the contiguous
United States for exposure times of at least 100,000 years for sites close to
seismic sources.

3. The acceleration at sites of the order of 100 or more kilometers from
known seismic sources, except the most active sources, show only moderate
ground motion. In addition, ground motion in the distance range of 100-200 km
from known sources is more reliably estimated that at close distances because

the available attenuation data was recorded largely in this distance range.
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4. This report has been based in an analysis of acceleration in rock
using only three of a large number of possible interpretation of available
strong motion acceleration data. The three acceleration attenuation relations
used (échnabel and Seed, 1973) modified for the eastern United States and
McGuire (1978) are representative of the data but it should be understood that
other interpretations of the acceleration data are possible which might result
in larger computed ground motions.

5. Characteristics of strong ground motion other than accelerations
(velocity, displacement, duration, spectral response, etc.) have not been
considered. Acceleration may not be the most appropriate characteristic of
ground motion to investigate, depending upon the engineering design of the
disposal facility. ‘

6. Reduction of the dispersion of attenuation data and fault rupture
length data will obviously result in better estimates of long term hazard but
the prospects for reducing this dispersion in the next few years is not
encouraging.

7. The acceleration values computed in this report using the Schnabel
and Seed (1973) attenuation curves probably represent the minimum acceleration
practical for planning long term facilities for the following reasons. First,
the curves are interpretative, high frequency peaks having been smoothed out
of the data, and second, the accelerations are in rock. Few surface
facilities are in rock and accelerations in other materials may be higher or
lower.

8. The probability of faulting has not been considered for this report
but reasonable estimates of the probability of faulting within a defined area
of interest can be made if reliable data are available on the age and

distribution of faulting.
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9. For shallow burial facilities within the depth range of materials
with liquefaction potential, liquefaction should be considered. Recent
earthquake experience has shown that materials can liquefy at rather low
levels of ground motion (of the order of 0.1 g).

RECOMMENDATIONS

Areas of the country with known moderate or high historical seismicity
will all be exposed to rather large ground accelerations for time periods
greater than a few thousand years. If seismic ground shaking is deemed an
important factor in the design of disposal facilities, waste disposal sites
should be sought out in regions of the country judged to be seismically stable
after a consideration of recent studies of regional seismotectonics together
with a careful review of the seismic history. Such a regional investigation
of seismogenic zones coupled with a review of the historical seismicity is
currently being undertaken in the Office of Earthquake Studies as a
preliminary step in the development of a new, improved probabilistic hazard
map of the country.
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