
REPORT NO.

UCB/EERC-78/16

SEPTEMBER 1978

PBBl-12Cll5

EARTHQUAKE ENGINEERING RESEARCH CENTER

SEISMIC RISK STUDIES FOR
SAN FRANCISCO AND FOR THE
GREATER SAN FRANCISCO BAY AREA

by

CARLOS S. OLIVEIRA

Report to National Science Foundation

J\ A.

Y• --.

COLLEGE OF ENGINEERING

UNIVERSITY OF CALIFORNIA . Berkeley, California
REPRODUCED BY
NATIONAL TECHNICAL
INFORMATION SERVICE

u.s. D.EPARIMENI OF COMMERCE
SPRINGFiElD,. VA 221QI

r~AI
-f" V'





S02n-l01

REPORT DOCUMENTATION 11. REPORT NO. .
PAGE NSF/RA-780765

.... Title and Subtitle

Seismic
Greater

Risk Studies for San Francisco and for the
San Francisco Bay Area

3. RKiplent's Accnslon No.

~tSMU ] 2 01 1 5
5. Report Date

September 1978

7. Author(s)

Carlos S. Oliveira

9. Performing Organization Name and Address

Earthquake. Engineering Research Center
University of California, Richmond Field Station
47th and Hoffman Blvd.
Richmond, California 94804

12. SponsC»'ing Organization Name and Address

National Science Foundation
1800 G street, N.W.
Washington, D.C. 20550

15. Supplementary Notes

..

S. Performina O,.anlzation Rept. No.

UCB/EERC 78/16
10. ProjectITasklWork Unit No.

11. Contnsct(C) or Grant(G) No.

(C)

(G) ENV77-20667

13. Type of Report & Period Covered

14.

16. Abstract (Umit: 200 words) --

Three aspects of seismic risk for the greater San Francisco Bay Area are considered here:
First, an evaluation of the overall properties of parameters characterizing the seismrcity ox
the San Francisco region; secondly, an evaluation of methods for computing seismic hazard at
a site; and finally, an evaluation of seismic risk in terms of population exposure.

For the first item, available data concerning (i) geotectonic evolution during the last
twenty million years, (ii) historical seismicity of the Bay Area, and (iii) characterization
of earthquake mechanisms, of propagation of seismic waves and of geological features to obtair
a four-dimensional space-time-energy-source continuum model, are studied thoroughly

Then, for the second item, a review is given of mathematical modelling proposed by
different authors to obtain probability distribution functions for the site parameters.
Distributions of peak ground motion parameters, such as acceleration, velocity and displace­
ment as well as duration, are obtained for a point~source and for a line-source model using
either an experimental method or an analytical method. Emphasis is given to a two-parameter
source model (magnitude and stress drop), to the direct development of seismic hazard in termE
of response spectra, and to a joint probability distribution function .of duration and one
peak ground motion parameter. The influence of some uncertainties on the final probability
distributions is analyzed.

Finally, overall seismic risk for the Bay Area is briefly characterized by including the
interaction between seismic action and the geographic location of population. Spatial cor­
relation with earthquake action is taken into consideration in developing a probability
distribution for the number of people affected by a given level of seismic acceleration.

18. Availability Stateme,,:

Release Unlimited

19. Seeurfty Class (ThIs R,pott)

20. Seeurfty Class (This Paae)

21. No. of Pages

138
22. Price

~i·:;:·;::·~:;·-:";;3~9:-;.1:;;8)~----------------":"':---":"n-."':'tl'U-ct:-:'-.n-'-.n'"""'::R:""_-L_-.-------------.J·-----···--------'
....... u u v ••••v UFln'C)~';~L F1)RW 2n (4-7n

i F'l ,,,,,!·"I:, 1'1"15-35)
·f Commeree





SEISMIC RISK STUDIES FOR SAN FRANCISCO AND FOR THE GREATER

SAN FRANCISCO BAY AREA

by

Carlos S. Oliveira

Visiting Assistant Research Engineer
University of California, Berkeley

and
Research Engineer

Laboratorio Nacional de Engenharia Civil,
Lisboa, Portugal

Report to

National Science Foundation

Report No. UCB/EERC-78/l6
Earthquake Engineering Research Center

College of Engineering
University of California

Berkeley, California

September, 1978





i

ABSTRACT

Three aspects of seismic risk for the greater San Francisco Bay Area are

considered here: First, an evaluation of the overall properties of parameters

characterizing the seismicity of the San Francisco region; secondly, an eval­

uation of methods for computing seismic hazard at a site; and finally, an

evaluation of seismic risk in terms of population exposure.

For the first item, available data concerning (i) geotectonic evolution

during the last twenty million years, (ii) historical seismicity of the Bay

Area, and (iii) characterization of earthquake mechanisms, of propagation of

seismic waves and of geological features to obtain a four-dimensional space­

time-energy-source continuum model, are studied thoroughly.

Then, for the second item, a review is given of mathematical modelling

proposed by different authors to obtain probability distribution functions

for the site parameters. Distributions of peak ground motion parameters,

such as acceleration, velocity and displacement as well as duration, are

obtained for a point-source and for a line-source model using either an exper­

imental method or an analytical method. Emphasis is given to a two-parameter

source model(magnitude and stress drop), to the direct development of seismic

haz~rd in terms of response spectra, and to a joint probability distribution

function of duration and one peak ground motion parameter. The influence of

some uncertainties on the final probability distributions is analyzed.

Finally, overall seismic risk for the Bay Area is briefly characterized

by including the interaction between seismic action and the geographic loca­

tion of population. Spatial correlation with earthquake action is taken

into consideration in developing a probability distribution for the number

of people affected by a given level of seismic acceleration.
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1. INTRODUCTION

The San Francisco Bay Area has a high degree of earthquake threat.

During the last two centuries there have been some large earthquakes in

the area; Table I summarizes the most important events that occurred in

that period of time. The total material losses since 1865 add to more

than 500 million dollars, and more than 700 lives have been lost. It has

been estimated that a major earthquake nowadays in San Francisco could

cause property losses of approximately 50 billion dollars (Borcherdt,

1975).

TABLE I

The Main Earthquakes Reported in the San Francisco Vicinity since 1800.

Year Location $ Loss at the time
Lives Lostof the earthquake

1836 San Francisco Bay

1838 San Francisco

1865 San Francisco 500,000 0

1868 Hayward 350,000 30

1898 Man Island 1,400,000 0

1906 San Francisco 500,000,000 700

1955 Oakland 1,000,000 1

1957 San Francisco 1,000,000 0

TOTAL $ 504,250,000 731
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Damage from these earthquakes was spread not only throughout the city

of San Francisco but also in metropolitan San Francisco. Table II pre-

sents the contributions of the four most damaging earthquakes to the total

accumulated damage from all earthquakes in the 168-year period, consider-

ing separately the city and metropolitan San Francisco (Friedman, 1975).

TABLE II

Percentage Contribution of the Four Most Damaging Earthquakes
to the Total Accumulated Damage in a 168-Year Period

Earthquake City of Metropolitan
San Francisco San Francisco

1836, San Francisco 6" 13%'l;

Bay

1838, San Francisco 24% 21%

1868, Hayward 12% 17%

1906, San Francisco 44% 33%

TOTAL 86% 84%

With this seismic history it would be of interest to be able to

quantify the parameters of future seismic activity in terms of location of

focus, origin time and size of the earthquake.

Seismic risk* studies are the fundamental tools needed to analyze

the effects of earthquakes on buildings and over metropolitan areas. The

object of analysis could be a single structure, a group of structures, a

* The difference between seismic risk and seismic hazard analyses is dis­
cussed in Chapter 4.
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lifeline, a large housing project. The input to the study is the set of

seismic parameters characterizing the seismicity of the area surrounding

the object, the geometry of the object and its intrinsic seismic resis-

tance. The output of the study depends on the problem. For point

objects, the output is, in general, the maximum acceleration or the

maximum velocity expected during a reference time-interval while for line

objects or area objects it is the maximum loss or the number of people

that can collectively suffer from earthquake activity.

Research in prediction of earthquakes has increased in the last

decade but there is still not a practical method of prediction. When

this becomes a reality it will be possible to control injury to human

life from earthquakes, and to reduce other losses. However, material

losses will not be avoided for buildings and the design of structures to

withstand seismic loads will still be necessary.

The great variability in the characteristics of ground motion and the

uncertainty in assessing expected intensity levels during a given inter-

val of time justify the use of the probabilistic model in the seismic

formulation.

Different levels of risk are considered for the design of different

types of structures. Structures which require a high safety standard are

usually designed to withstand seismic actions with very low probabilities

-8
of occurrence (Prob < 10 ). Modern structures should be designed to

meet the following two basic requirements:

a) The structure should perform during a moderate earthquake in

such a way as to minimize total inflicted costs (initial + repair +

-2
maintenance) (Prob < 2 x 10 ) •

b) The structure should not collapse during a major to catastrophic

-2 -3
earthquake (Prob < 10 to 10 ).
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In this study, probability distributions will be considered for

given seismic parameters during a reference time interval, using all

available information concerning (i) the geotectonic evolution during

the last one million years, (ii) the historical seismicity of the Bay

Area Region and (III) studies on the characterization of earthquake

mechanisms, propagation of seismic waves and geological features. The

full characterization of earthquake threat involves a knowledge of

earthquake action at any single site and the quantification of overall

risk for the entire region. In other words, the probability distribu­

tions for a group of sites or for an area should be examined as well as

the probability distributions for a single site.

Not many studies on seismic risk for San Francisco and for the

Greater San Francisco Bay Area have been made. Studies concerning the

former include the following:

Dalal (1972) used a Poisson model to represent the spatial distri­

bution and time sequence of earthquake occurrence,

Vagliente (1973) used a Markov chain model for the occurrence of

earthquakes after analyzing the phenomenon of "elastic rebound theory".

Kiremidjian and Shah (1975) studied the seismic risk of California

,and the influence of uncertainties in some parameters.

Kiureghian and Ang (1975) used San Francisco in an example to

illustrate a method of seismic risk analysis including a line-source

model.

Algermissen and Perkins (1976) in their study of maximum accelera­

tion maps for the contiguous united States also give results for San

Francisco.

All the above studies refer to seismic risk at a point. Studies
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dealing with seismic risk for the entire Bay Area have als~ been done.

In particular, D.E.P. (1972) and Friedman (1975) both study earthquake

losses that could occur during a large earthquake in the Bay Area, but

do not consider the spatial correlation of earthquake action.

The present study contains the following: an evaluation of the over­

all properties of seismicity characteristicst an evaluation of methods

of computing seismic risk for both point and area elements; comparisons

with previous work; ways of presenting results and an analysis of the

sensitivity of the final result to a particular parameter~ Furthermore,

a detailed discussion of the methods used in each section of the analysis

is given.

The next chapter of this report presents the geologic and tectonic

features of the San Francisco vicinity in order to summarize all the up­

to-date relevant information that could throw light onto the geotectonic

evolution near San Francisco in the last one million years. In the

following chapter, data since the nineteenth century on the elastodynamic

properties of the San Andreas fault are characterized. Particular empha­

sis is given to the form of attenuation of ground motion in the region

close to the fault. This form is critical when studying seismic hazard

and seismic risk in the Bay Area. Earthquake parameters for engineering

planning and design are also discussed. Chapter 5 presents a seismic

hazard analysis for a site in downtown San Francisco and studies the

effects of uncertainties of some parameters on the final probability dis­

tributions. Some of the uncertainties are directly incorporated into the

mathematical models. The influence of site location within the Bay Area

is also analyzed. In Chapter 6 population exposure to seismic threat in

the Greater San Francisco Bay Area is considered. The main conclusions

are summarized in Chapter 7.
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Most of the work presented here is a compilation of results obtained

from different areas of the earth sciences and earthquake engineering

together with a critical discussion of seismic risk methods. The basic

mathematical developments of the subjects covered herein are presented

elsewhere. A list of references is given in Oliveira (1974), (1975).

The main innovations are

a) a definition of hazard risk in terms of response spectra,

b) a study of the influence of uncertainties in particular para­

meters on the final distributions, and

c) global earthquake risk for a region in terms of population ex­

posure.

In the course of the work some modifications are made with the aim

of improving the models; in particular the use of

d) stochastic point processes with memory for occurrence of earth­

quakes, and

e) a two-parameter model to simulate the mechanism of earthquake

generation at the source.
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2. GEOLOGIC AND GEOTECTONIC FEATURES IN THE VICINITY OF SAN FRANCISCO

2.1 Generalities

The historical record of the seismicity of the west coast of the

United States started as early as 1780 although, as is shown in the next

chapter, only since 1930 has a fairly complete record of earthquake

activity in the State of California been kept.

In particular, for studies of risk analysis dealing with low risks

-3
«10 ) this record is very short. A time history analysis of geologic

and geotectonic features that covers the last million years however, can

supplement the above information and throw some light on the origins of

the present state of stresses, of recurrence intervals of large earth-

quakes, of clustering of events in time and space, migration, etc.

Studies of young fault scarps and fault traces (Wallace, 1977), together

with the evolution of the goetectonic features can help in refining

seismic zoning and in understanding the origin and mechanical behavior

of large tectonic blocks and provinces.

2.2 Historical Evolution of Plate Configurations

Some of the major regional features which may be brought into a

genetic relationship with Californian seismicity are the East Pacific

rise, which appears to cause the opening of the Gulf of California, and

the Murray and Mendocino fracture zones, two large oceanic scarps which

intersect the American continent somewhere along the 35th and 40th

parallels (see Fig. l). Linking the spreading rises in the Gulf of

California and the East Pacific rise with the spreading rises of the

Gorda and Juan de Fuca ridges, just north of the Mendocino fracture, off

the coast of Oregon, is a 1500 km long continental fault system known as
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the right lateral strike-slip San Andreas fault.

Different studies have shown that the San Francisco region, since

the Early Tertiary period (40 x 10
6

years ago), has been dominated by

the conjugation of movements of the Pacific, the Farallon and the American

plates (Atwater, 1970). The Farallon plate is a small plate moving away

from the rigid Pacific plate.

In Early Tertiary the Farallon plate moved towards the American

plate at a rate of 10 em/year, while the American plate moved at

6 em/year to the south creating an oblique subduction (see Fig. 2). The

Farallon plate went underneath the American plate and the mid-ocean

ridge approached the American plate. Because most of the Farallon plate

no longer exists, there probably was a trench which consumed it at its

boundary with the American plate. Subsequently the American plate has

continued to move south relative to the Pacific plate, giving rise to

transcurrent motion on the San Andreas system.

Figure 2 shows what is thought to be the evolution of plate tec-

tonics in the last 40 million years. Figure 3 is another scheme for the

same evolution. Even though Fig. 3 is an interpretation of the past

evolution since the Early Tertiary, it is almost certain that the San

Andreas fault began activity in its present role not earlier than 30 x

610 years ago. Strike~slip activity in San Francisco may have begun

(5 to 10) x 106 years ago.

The overall displacement measured by surveyed triangulation along

the San Andreas fault system as a whole, about 6 em/year, is consistent

with the transcurrent motion of the Pacific plate obtained from sea

floor spreading measurements.
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2.3 Present Geotectonic Features

The San Andreas fault system in the vicinity of San Francisco is

made up of three major faults: on the western side lies the San Andreas

fault; parallel to it and located some 15 miles to the east is the

Hayward fault; further to the east lies the third major fault, the

Calaveras fault (see Fig. 3). The San Andreas fault zone varies con­

siderably in width. In some places it may be less than 100 meters wide

and made up of a few entangled lines of rupture. Its actual edges are

imprecise because of many lines of activity that are now hidden under

recent gravel deposits or alluvium, and because of land sliding that has

covered several miles at a stretch. Other smaller faults can also be

identified, such as the Healdsburg~Rodgers fault in the northern contin­

uation of the Hayward-Calaveras system; the Pleasanton fault, east of

Calaveras; and a large number of small fault traces that can be found on

a large-scale geological map. Recently, Herd (1978) proposed that the

shaded zone in Fig. 3 be considered as the Humboldt plate which moves

independently of the Pacific and North American plates.

According to studies of differential movements across the San Andreas

fault using surveyed triangulation analysis of earthquake records and

surface rupture associated with historical earthquakes there are three

different zones that should be considered for the San Andreas fault sys­

tem. The first zone is the section of the San Andreas fault between

Cape Mendocino and San Francisco Bay which is relatively inactive. North

of San Francisco Bay, the Hayward and Calaveras faults are no longer

mapped as separate entities. The Coast Ranges are much wider and many

faults, mostly of short extent, are mapped. Here the seismicity is much

more dispersed, with small earthquakes occurring throughout the region.
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The relatively large Santa Rosa earthquake of April 25, 1968 near the

southern end of the mapped Healdsburg fault did not show any. surface

rupture.

In contrast with the frequent occurrence of earthquakes in the

Coast Ranges, only one earthquake was detected during the last 20 years

along the San Andreas fault from Bolinas north of San Francisco to Point

Arena. The largest offset in the San Andreas fault zone was due to the

1906 San Francisco earthquake with movement between San Juan Bautista

and southern Humboldt County. The maximum horizontal right lateral

ground offset at the fault was 5.25 meters, near the head of Tomales Bay;

vertical movement was not more than 7.5 cm.

The second zone is the section of the San Andreas fault from the

northern end of San Francisco Bay to north Los Gatos, which has periods

with high activity alternating with periods which are relatively inactive.

Surveyed triangulation shows movements across the fault in the periods

1866-1874 and 1892-1906; the first were possibly due to the Hayward

earthquake of 1868 and the second to the 1906 San Francisco earthquake.

No creep was detected along the fault system from Cape Mendocino to Los

Gatos, for the period between 1876 and 1906.

There is little indication of slippage on the San Andreas fault

north of Los Gatos since 1906. Triangulation in the San Francisco Bay

Area despite somewhat contradictory results, shows a general trend of

northward transcurrent motion of the coast with respect to the continent,

particularly west of the Hayward Fault.

In this zone, strong earthquakes (Mercalli Modified Intensity r~=X)

occurred on the Hayward fault in 1836 and 1868, and fractures were re­

ported along the fault after the 1868 earthquake. Surface rupture,
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probably along the calaveras fault, accompanied a moderate earthquake

in 1861. These two faults can be considered moderately active although

only one earthquake with magnitude in the range 5.5-5.9 was recorded be­

tween 1931 and 1965. Creep has been reported at several points along

the Hayward fault and the average rate of displacement ranges between

0.4 and 0.6 em/year. possible creep has been reported on the Calaveras

fault and the subsidiary Pleasanton fault (Wallace, 1970).

South of San Francisco, epicenters of small earthquakes form a

cluster near, but somewhat to the west of, the Hayward fault; further

south there is a quiet zone for 30 km. Directly to the east, a similar

cluster has been located a kilometer or so to the east of the mapped

Calaveras trace. The third section of the San Andreas fault, south of

Los Gatos, has been one of its most active parts, although it has been

characterized by earthquakes of magnitude about 5 or less, (McNally,

1976). From 1959 to 1967 the average annual fault movement on the fault

was greatest just south of Hollister, about 4.4 em/year (Hofmann, 1968).

North of Hollister, where the Calaveras and Hayward Faults have splint­

ered off from the San Andreas fault, an annual total slip of about 4 cm/

year is distributed among the three faults. The portion of movement

carried by each fault changes with time. The accumulation of this dis­

placement is observed to be a combination of fault creep or slippage and

strain or distortion of the Earth's surface.

The high seismic area between Hollister, Watsonville and Mount

Hamilton (as well as the Calaveras displacement which averages 1 em/year)

may be due to the northward compressional stresses which have arisen from

the movement of the Pacific plate to its present position. The change

in strike of the San Andreas fault to the north is also possibly associ­

ated with this granitic mass. The additional activity at the Hayward-
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Calaveras bifurcation is simila4but on a smaller scale, to that of the

San Andreas and Calaveras faults between Bear Valley and Hollister.

The effect of creep is of crucial importance. If the rate of

accumulation of strain energy is relatively constant, appreciable loss

of elastic strain energy by tectonic creep might preclUde a great earth-

quake as long as creep continues. However, creep need not be constant

as has been observed near Hollister. At the moment, however, there is

little evidence of any drastic changes in the average rate of elastic

strain accumulation; indeed, historic rates of slip are of the same order

as the long term geologic slip rates. This suggests that tectonic driv-

ing mechanisms are continuing to work at the same average rate at which

6they have for the last 25xlO years. However, on a smaller time scale,

of the order of a century, (from the last two centuries of historical

seismic knowledge) earthquake activity has not been stationary as far as

large events are concerned (see next chapter). For instance, along the

San Andreas fault the period from 1836 to 1906 suggests a clustering of

events. The possible clustering that has been assigned to the earthquake

activity may be due to changes in the driving force which shows period-

icities of tens of thousand years, and to changes in the release mechan-

ism.

Values for recurrence in"tervals for the three main sections of the

San Andreas system are given by Wallace (1970); however, his recurrence

interval may be incorrect by a factor of two depending on the values

estimated for the secular slip rate. His results are presented in Table

III. Tectonic creep is believed to increase the recurrence interval for

earthquakes of a given magnitude and to have a greater effect on lower

magnitude earthquakes and little or no effect on earthquakes of magnitude

greater than 8.
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TABLE III

Seismicity Parameters Suggested by
Wallace (1970) for the San Francisco Area

MENDOCINO- SOUTH HAYWARD-
LOS GATOS LOS GATOS CALAVERAS

MAXIMUM MAGNITUDE 7 -+ 8+ 5 -+ 6 6 -+ 7

MAXIMUM STRIKE SLIP (meters) 1.2 -+ 10 0.1 -+ 0.3 0.3 -+ 1.2

CREEP RATE (% OF SECULAR) <10 30 -+ 50 10 -+ 30

RECURRENCE INTERVAL (years) 100-+ 1000 <10 10 -+ 100

If the rate of accumulation of strain energy is extrapolated back-

wards into the Tertiary, displacments of the order of hundreds of miles

can be inferred. Indeed, the geological evidence implies that the accu-

mulated lateral motion since the Early Tertiary totals more than 250 km

for central California. These conclusions are based on geological

correlations involving considerable uncertainty but are now generally

accepted by most California geologists. Even though these are large

movements when compared with those in other regions of high seismicity,

much of the total motion may take place by continuous slippage or fault

creep. The missing part may be released over a time scale of centuries

with episodes of large and sudden ruptures.

2.4 Geotectonic Interpretation using Earthquake Source Mechanisms

Refraction studies of seismic waves have shown that the crustal

model in the region-of San Francisco is approximately as shown in

Figure 5.
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The Earth's crust is about 25 to 30 km thick. The average focal

depth for California is less than 10 km (see Section 3.3.1). This con-

firms that the elastic strain energy stored appears to be restricted

mainly to the upper part of the crust at a depth between 2 and 15 km.

Estimates of depth of faulting in the San Francisco 1906 earthquake are

within the upper 10 to 20 km of the Earth. Since displacements of at

least 100 km (and probably 300 to 500 km) have occurred along the San

Andreas Fault, it is almost certain that deformation by creep without

observable earthquake activity must be occurring at a depth greater than

20 km. Thus, an upper layer in which earthquakes occur should be asso-

ciated with a zone of low strength below.

Fault plane solutions have been systematically determined for

recorded earthquakes. The focal mechanisms confirm, in general, the

right lateral strike-slip behavior of the San Andreas system, derived

through geological evidence as well as from surveillance measurements

(see Fig. 6).

2.5 Influence of the Geology of the San Francisco Bay Area on Earth­
quake Wave Amplification

The San Francisco Bay region includes a variety of geological units

ranging from granitic rocks to semi-consolidated and unconsolidated

alluvium to recent water-sat:urated mud deposits, as shown in Fig. 7.

San Francisco Bay is located in a northwest trending valley. The Bay is

bounded mostly by marshlands, alluvial plains (1 to 15 km wide) and

beyond by ridges of the Coast Ranges. The active San Andreas and Hayward

fault zones trend northwestward about 5 km apart along the western and

eastern margins of the bay, respectively. The geological units are

broadly characterized as bedrock, alluvium and bay mud. In general, the
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bedrock is exposed with ridge systems and forms the irregular floor of

a trough containing the alluvium which, where not exposed at the surface,

is overlain by bay mud.

Local geological conditions can substantially change the character­

istics of seismic waves. In particular, waves of certain frequencies can

be amplified considerably by thick sections of unconsolidated near-surface

deposits. Overall damage potential is likely to be greater in soft

grounds than on rock because of possible ground failures, extended dura­

tion of shaking and amplification at lower frequencies. Although

weak foundation materials, such as the Bay mud and the Holocene alluvium,

may be expected to reduce the peak levels of acceleration due to

attenuation in these formations during transmission of intense motion

from bedrock to the ground surface, the predominance of soft alluviums

in San Francisco Bay makes the area more hazardous than areas where the

soil is "firm". Thus the damage expected in this area, particularly

along the shore of the Bay, is much larger. During the San Francisco

1906 earthquake stuctures located on bedrock suffered little or no

damage while those on bay fill were heavily damaged. Figure 8(a) shows

the California isoseismals for the 1906 San Francisco earthquake and

Fig. 8(b) the damage caused by the 1957 San Francisco earthquake. Studies

done with data collected during the latter earthquake (Idriss and Seed,

1968), and from ground motion measurements at 99 points in San Francisco

Bay caused by nuclear explosions in Nevada (Borcherdt and Gibbs, 1976) show

that the average spectral amplifications observed for vertical and hori­

zontal ground motions are approximately constant in the frequency range

of 0.25 to 3 Hz and are respectively equal to 1.0 and 1.0 for granite,
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1.5 and 1.6 for the Franciscan Formation, 3.0 and 2.7 for the Santa Clara

Formation, and 3.7 and 11. 3 for the Bay mud formations more than 10

meters thick. Figure 9 presents surface accelerations recorded during

the San Francisco 1957 earthquake at four different sites.

Liquefaction of sand is another important problem which may arise

for certain water levels due to high pore pressures and extended duration

of ground motion.

In this research only the average "firm" conditions are considered.

The probable effect of soil strata will be indicated. A detailed study

of specific sites, including the geology, within metropolitan San Francisco

or the Bay Area is however, outside the scope of this report.
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3. EXISTING DATA

3.1 Seismographic Network. Reliability of Data

The historical record of seismicity in the San Francisco region

started as early as 1780 when the first immigrant arrived. The earliest

records are non-instrumental. The first seismographs were installed in

1887 but the results obtained were not very precise. Only since 1933 has

a fairly complete record of earthquake activity in the State of California

been kept. Figure 10 shows the number of seismographic stations in service

within a 300 krn radius from San Francisco, and the year in which they

began operating.

As seen in the figure the number of seismographic stations increased

substantially in the late sixties. Consequently the quality of hypo-

central determination which depends on the number of stations, as well as

on the types of seismographs in use at the time of recording, and on the

method of location, has increased considerably. By 1975 a telemetry net-

work of fifteen stations in Central California was operated by the

university of California.

From 1910 through 1941 the error in location of epicenters could be

many tens of kilometers; whilst in the last decade the average uncertainty

has been 5 krn. Focal depths are generally less precise but a major step

was the discovery about 1963 that depth does not exceed 15 krn in this

region. The error in determination of Richter magnitude, M, was 30% to

37% in the early periods, because most of the determinations were based on

felt intensity. Nowadays magnitude determinations are based upon the sur-

face wave energy, m , and then transformed into M. Errors are now less
s

than 10%. (Rarely is the error more than 0.2 to 0.3 on the Richter scale.)
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In addition to the seismographic stations, there is a network of

strong motion accelerometers installed at different sites and structures.

Data covering the period 1910-1972 are published in the "Catalogue of

Earthquakes in Northern Cali.fornia and Adjoining Areas" (Bolt and Miller,

1975), with the following information:

a) time of occurrence;

b) epicentral location;

c) quality of determination;

d) Richter magnitude rating;

e) number of recording stations;

f) felt or not felt;

g) maximum intensity in different towns. Comments.

Data for earthquake ac1:ivity before 1933 can be considered in three

periods: 1780-1850, 1850-1906 and 1906-1933. A great deal of caution

should be exercised in the evaluation of historical records prior to 1933,

expecially for small earthquakes. However there are enough data to con­

clude that since 1910 the catalogue of earthquakes is complete for magni­

tudes above 3.5. For those earthquakes for which the Richter magnitude

is not included in the catalogue, it was generated from the maximum

Modified Mercalli Intensity, 10' using the transformation formula sug­

gested by Richter (1955) for California

M = 0.6 1
0

+ 1.3 •

This transformation creates an additional uncertainty. Earthquakes with­

out information regarding epicentral location were disregarded and no

critical study was made to test the validity and reliability of data.

For the studies presented here, all earthquakes with M>3.5 and lying

within a circle of 200 km centered at San Francisco (37.75
0

N, 122.45
0

W)
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were selected from the computer tape provided by the University of Calif­

ornia, Berkeley Seismographic Station. There were 945 such earthquakes.

3.2 Major Historical Shocks

The consequences of historical shocks felt in the San Francisco

region since 1800 are thoroughly described by Tocher (1959). The two

shocks of greatest energy release were the Hayward earthquake of October

21, 1868 and the San Francisco earthquake of April 18, 1906. Figure 8(a)

presents the isoseismals of the latter, which show how far the accelera­

tions were felt as well as the radiation pattern. Figures ll(a) and (b)

show the location of earthquakes with M~4 for the period 1807-1969, and

the location of all shocks felt in the decade 1960-1969, respectively.

3.3 Statistical Analysis of Data

Earthquake generation can be represented by stochastic point pro­

cesses in a three-dimensional space-time-energy continuum (Li,Ti,Mi),

where Li is the location of focus, which itself is a three component

vector characterized by latitude, longitude and depth, Ti is the time of

occurrence, Mi the magnitude. For small epicentral distances the charac­

terization of the size of an earthquake requires a vector quantity that

represents the mechanism of generation and the radiation pattern, adding

one more dimension to the problem. To complete the earthquake represent­

ation it is necessary to describe the ground motion generated by the

earthquake and felt at any given distance. Earthquake ground motion can

be considered as a continuous time parameter stochastic process that

attenuates with distance.

The complex phenomenon of seismic wave propagation from fault to

site, is taken care of by the use of attenuation formulae which transform
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the seismic action at the focus into the seismic action at the site.

A complete statistical analysis of earthquakes must consider the

distribution and correlations of these four parameters. This involves

the handling of a four-dimensional continuum which generally constitutes

a very complicated model. Furthermore, each parameter has to be analyzed

in turn to see how much can be inferred from data. To be able to do this,

boundaries in space, time and magnitude have to be fixed initially. At

this time the influence of the mechanism of rupture will be disregarded.

In the following an attempt has been made to collate all available infor­

mation and results from analyses of data made by several authors, and to

make statistical inferences whenever possible.

3.3.1 On Spatial Location of Earthquakes

It is well-known that earthquakes are related to the presence of

faults. Chapter 2 demonstrai:ed the presence of active faults in California,

the existence of mechanisms for the accumulation of strain and the occur­

ranee of earthquakes. Using these elements, the spatial location of epi­

centers, and recent geodetic studies of fault movement it is possible to

define zones of homogeneous seismicity, although this is not easy on a very

fine scale. Figure ll(b) shows the general seismic pattern in Northern

California, indicating a high density of seismic events concentrated

around the San Andreas fault system. This concentration is not uniform

over its length, however, and depends on the minimum magnitude threshold.

This means, as discussed in Chapter 2, that sections of the faults are not

moving and consequently are not generating earthquakes. Microearthquakes

recorded recently along the San Andreas system, shown in Fig. ll(c), con­

firm the fault pattern of Fig. 3 and can be used to define more precisely

the location of earthquake source zones. As can be seen from Figs. ll(a),
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(b) and (c) the uncertainty existing in the correlation between active

known faults and the location of epicenters increases when higher magni-­

tudes are considered. To account for this problem different types of source

areas have been used in hazard analysis.

In this area earthquakes are quite shallow. Indeed, Bolt and Miller

(1971) in a sample of 99 earthquakes with M>3, which occurred between San

Francisco and Priest Valley in the period 1965-1969, showed that these

california earthquakes in the Central Coast Ranges have focal depths less

than 15 km (Fig. 12). The same conclusions were obtained by McNally (1976)

for the Bear Valley-Stone_ Canyon Region. Hence, the observed seismic activ­

ity along the San Andreas system is confined to the upper 20 km of the Earth

and much of its activity is confined to the upper 5 or 10 km. Estimates of

the depth of faulting in the San Francisco earthquake of 1906 are within the

upper 10 to 20 km of the Earth (see section 2.4).

The simplest model of the distribution of seismic sources for the San

Francisco area would be an homogenous single zone representing the Central

Coast Ranges, with uniform seismic properties. More detailed representations

have been proposed by (i) Kiremidjian and Shah (1975) who only consider

seismic source lines that coincide with main fault lines as in Fig. 13(a);

(ii) Algermissen and Perkins (1976) who define several seismic source

areas which have the main fault lines as longitudinal axes as in Fig. 13(b);

and (iii) Kiureghian and Ang (1975) who consider both seismic source lines

for known faults and seismic source areas in zones of unknown fault systems

as shown in Fig. 13(c).

These three models of seismic source areas are representative of the

types that have been suggested; but other models with non-uniform source

areas could be explored as well.
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3.3.2 On Time of Occurrence

The most widely used model to represent the occurrence of large

earthquakes has been the Poi.sson model. Many studies of Southern

California including those by Knopoff (1964) and Gardner and Knopoff

(1974), have been made to check the validity of this model. However for

the Bay Area the only known study was made of a segment of the San

Andreas fault zone near Hollister by McNally (1976), and for micro­

activity by Udias and Rice (1975). The validity of the Poisson assumption

for a set of events of magni.tude greater than a given lower bound can be

tested by the following methods: (i)' direct analysis of the number of

earthquakes occurring during a given period of time; (ii) statistical

analysis of interarrival times; (iii) the hazard function; (iv) the

variance-time curve; and (v) the autocovariance function, (Esteva, 1977;

Knopoff 1971; and Lomnitz, 1974). The first four techniques will be

considered here.

It is of particular interest to examine the data for the San Andreas

fault to determine if, for large earthquakes, there is any memory-type

behavior. Vagliente (1973) used a first order Markov Process to consider

the salient features of the "elastic rebound theory" and he applied it to

seismicity in the Bay Area. He did not, however, compare his results with

a Poisson process. Esteva (1975) and Kelleher et al. (1973) refer to

deviations from the Poisson process as observed on the Mexican Coast where

seismic activity migrates along the region in such a manner that large

earthquakes tend to occur at~ seismic gaps; this implies that the hazard

function grows with time since the last earthquake.

The data used are shown in Fig. 14 which presents the number of

events per year, with magnitude greater than 4, within a 100 km of
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San Francisco, as a function of time. As can be seen the mean number of

events changes with time in the 200 year period of observation. (The

catalogue of earthquakes is supposed to be complete for M>3.5 since 1910.)

Table IV shows the mean number of events as a function of the interval of

time considered in the analysis.

TABLE IV

Stationarity of Earthquake Generation in Time (M>4.0, R<lOO km)

INTERVALS PERIOD NO. EARTHQUAKES AVERAGE

1800 - 1850 10 0.5

50 YEARS INTERVALS 1850 - 1900 143 2.86

1900 - 1950 79 1.58

1800 - 1820 5 0.20

1820 - 1840 4 0.25

1840,.. 1860 30 1.50

1860 - 1880 58 2.90

20 YEARS INTERVALS
1880 - 1890 56 2.80

1900 - 1920 41 2.05

1920 - 1940 24 1.20

1940 - 1960 31 1.55

The time analysis made herein treats all earthquakes within 100 km radius

independently of their seismic zone.

To establish the first order Markov chain model, consider the events

(Vagliente, 1973; Oliveira, 1974)

1. ,.. no earthquake occurs

2. - an earthquake occurs
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and the transition probability matrix

(1)

where (I-a) is the probability of having an earthquake in this current

period of time given that one earthquake occurred during the last period;

and b is the probability of having one earthquake in this current period

of time given that no earthquake occurred during the last period.

th
The n step transition probability matrix is

1 fb a] (1 : : ~ b)n [_ba -bal
¢(n) = a + b Lb ~ + u

During the period 1807-1977 there are four earthquakes withM~7.0 and

eleven (with three consecutive events) withM~6.5 in the San Francisco

region, yielding the following values for a and b.

M >7.0 ~ a = 1.0, b = 0.02352

(2 )

M >6.5 -> a 0.98823, b = 0.06470

deviation, 0Tl' of waiting time of first passage,The mean,ETl,and standard

T
l

, were computed from

a + bETI b

and are equal to

and
b(2 - a - b)

2
a

(3)

43.52 years

42.01 years {

ET
I

= 16.27 years

M >6.5
0Tl = 14.95 years

The chi-squared distribution was used to test the validity of the

Poipson model of occurrence of earthquakes with M>3.5 for the period 1934-

1972. If the Poisson model holds and x is the number of events occurring
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in time interval t at a constant rate ~.

x
f(x/t,~) =~

x!

Several selections of cells for data grouping were considered and the

(4)

results are presented in Fig. 15. The influence of the aftershocks was

also studied. In every case analyzed, the Poisson fitting was poor and

the significance values were always below 0.1%. A drawback to this test

is precisely its dependence upon selection of cells for data grouping.

The generation process can be analysed by considering tribution of

time between consecutive events, i.e. the interarrival times T. The dis-

tribution of interarrival times for a Poisson model is exponential so

that

(5)

For this case the hazard function h(t), (Barlow and Proschan, 1975)

defined by

h(t)
f(t) (6)

is constant and equal to~. Figure 16 shows I-FT(t) for interarrival

times plotted on semi-log paper for the periods 1850 - 1933 and 1933 -

1972. The exponential distribution would yield from Eq. (5) a straight

line representation on this paper. It can be seen however, from Fig. 16

that for the smaller intervals the distribution deviates considerably

from a straight line demonstrating the existence of a much larger number

of small intervals than expected, as previously shown by Udias and Rice

(1975). The hazard function is largest for small T and indicates greater

probability than predicted by the exponential model, thus perhaps indi~

eating clustering of events. For a large interarrival time, corresponding
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to the occurrence of large earthquakes, the memory-type feature should

become dominant, The data do not cover a period of time long enough to

allow positive conclusions to be drawn on the subject. Figure 16 shows

increasing fluctuations for the large interarrival times. Figure 17 pre-

sents a sketch for the interpretation of the model discussed before. The

hazard function is a decreasing function of T for small interarrival

times. It should grow with the time elapsed since the last event and not

remain constant as the Poisson assumption implies. Periodicities should

also show up for the large waiting times.

Gamma and Weibull probability distributions differ slightly from the

exponential model but have a hazard function that varies with the elapsed

time. For the Gamma distribution, the density and distribution functions

are, respectively,

f 1 (t)
11.,0.

for t>O and A,a>O, and

a a-IA t
r (a)

-At
e (7)

F 1 (t)
11.,0.

a-I (At) i-At
=l-L " e

i=O 1.

where r (a) is the gamma function of a;

and for the Weibull distribution

_(At)a
F (t) = 1 - e , t > 0 and A,a>O.

a

Figure 18 shows the variations of the hazard function with elapsed time

for different values of a. The Gamma distribution for 0.<1 represents

the cluster zone of the distribution, for 0.=1 represents the exponential

distribution and for ex>l the zone of large events, The Weibull distribu-

tion for 0.=1 represents the exponential distribution. For 0.>1 it shows a
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hazard function monotonically increasing with T; hence, it can be used to

simulate the behavior at large waiting times. Another index of deviation

from the Poisson model called the Poisson dispersion coefficient is the

ratio of the variance to the mean. From the variance-time curve one can

measure how long the dependence between events lasts. For the Poisson

model this index has the value of one. Figure 19 shows the Poisson dis-

persion coefficient as a function of the time interval, T.

No further studies were made to reduce the deviations from the

Poisson model by making use of cluster effects, migration, or to use the

spectral techniques of analysis. More data are needed to approve or re~

ject the Poisson mOdel in favor of other models. So at present just two

simple hypotheses are being considered; a Poisson process, which shows no

memory and a Gamma Process which takes memory into account.

3.3.3 On Magnitude

The linear relation

or

log N = a-bm ,m
m <m<m
0- - 1

(8)

.en N = a-Bm
m

(a a in 10; B= b in 10),

which is generally assumed between m and the logarithm of N , where N is
m m

the number of earthquakes of magnitude ~m, can be used in the Central

Coast Ranges. The above expression holds for the interval (mo ' ml ) where

m is a constant defined by the lower limit of magnitude for which the
o

data are complete and m
l

is another constant representing the upper bound

of possible magnitudes; a and b can be determined using standard fitting

linear regression techniques. Equation (8) leads to a double truncated

exponential distribution for M. Under the hypothesis that b is essen-

tially the same for the entire region, Bolt and Miller (1975) calculated
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B= 2.30 ± 0.09 for 3 SM~4.4, Kiureghian and Ang (1975) obtained B= 1.22

to 1.39 for M~4, Dalal (1972) calculated B= 0.87 to 0.94, and

Galanopoulos (1968) found B= 2.1.

On the other hand, Kiremidjian and Shah (1975) and Algermissen and

Perkins (1976) computed b independently for each earthquake source area.

Figure 20 presents the data fitting for four source areas of Kiremidjian

and Shah's model and also shows the interval of confidence for the linear

fitting using a Student-t test for a 95% level. Estimates of the para-

meters a, S, mo and m
l

for each of the above models is presented in Table

V, as well as variances in the estimates of a and B. The estimate of ml

is not made from a statistical analysis but is based on geotectonic infor-

mation compiled in Chapter 2. The uncertainty in the estimate of b, and

hence 8, is large with a coefficient of variation of 0.24 for a San Andreas

source and 0.51 for a Middland. The coefficient of variation of a, and

hence a, is smaller than that of b, and varies from 0.19 to 0.41.

Utsu (1966) derived the exact probability distribution function of b

when there is no upper limit on M as

n b n+l
(_ n:o )f(b)

n
( b

O
)

1 (9)= r(n) exp -
b

0

where n is the sample size and b is the central value of b equal to
0

b
o

(M is the expected value of M)

= log e
-
!-1-m

o

(lO)

The value b is in fact the maximum likelihood estimate of b (Aki, 1965).
o

Steward (1974) observed that b is preferable to least square fitting in
o

the case of data showing curvature or truncation in the high magnitude

range. Figure 21 shows the cdf of b as a function of the sample size n.
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TABLE V

Seismic Characteristics of Earthquake Source Areas

AUTHOR ZONES S a m m1 Os °m=4 :0 a

11 A 1.337 0.322 4.0 7.0 0.500 2.294

KIREMIDJIAN 12 A 1.167 0.595 4.0 0.282 1.6388.3
AND

SHAH 13 1.308 0.162 4.0 7.0 0.561 2.455

14 1. 735 0.701 4.0 7.7 0.529 2.603

15 2.822 0.178 4.0 7.0 1.445 5.696

2 1.382 1.10 4.3 8,5

ALGERMISSEN 3 1.554 0.272 4.3 7.9
AND

PERKINS 5 1.727 0.149 4.3 7.3

6 1.554 0.444 4.3 7.9

7 1.830 2.996 4.3 6.1

1 1.30 3.220 4.0 8.5
KIUREGHIAN

AND 2 1.30 0.147 4.0 7.3
ANG

3 1.30 0.220 4.0 7.3

For n~50 the distribution approaches the normal distribution. For small

n the distribution is quite asymmetric. Futhermore a and S are not inde-

pendent random variables; their correlation coefficient can be computed as

where

m -M
cov (a,S) = o2 ~a~-_-2

~(ma-M)

(11)

(12)

and

M )
- 2

~ (m -M)
a

(13)
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An estimation of ml the upper value of M, for each source area can be made

from a statistical analysis using an extreme value type III distribution

and geotectonic information; MM intensity as presented by Brazee (1976)

can also be used or it can be obtained in terms of energy released

(Lomnitz 1974). Results from different authors agree well with the values

presented in Table V; hence, ml requires no further discussion at present.

3.3.4 On Elastodynamics of Earthquake Source Mechanism

In the preceding sections earthquake generation has been character-

ized in terms of time of occurrence, epicentral location and magnitude.

It is still necessary, however, to quantify the earthquake action over a

structure located at a given distance from the focus. When the dimensions

of the surface rupture are of the same order as the distance to the loca-

tion of interest (near field), the magnitude is not enough to characterize

the earthquake at the source. The effect of other parameters connected

with the elastodynamics of the system, can be very significant. For epi-

central distances large in comparison with the dimensions of the surface

rupture (far field), the magnitude becomes dominant. In studying the San

Francisco Bay Area the importance of the generating mechanism cannot be

ignored.

The mechanism of generation for both the near field and far field in

terms of spectral ordinates and in terms of peak ground motion parameters*,

is reviewed in this section with regard to the source term, and in Section

3.3.5 with regard to curve attenuation with distance: i.e., the propagating

term.

* There is a direct correspondence between Fourier spectrum and response
spectrum and peak ground motion parameters (Pereira et aI, 1977).
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Source details of the rupture mechanism are not yet clear because of

the limited data available in the near field. However, it is accepted

that shallow focus earthquakes which are the most damaging in California,

are the result of shear dislocations in the Earthts crust under the stress

field imposed by interplate movements. While no exact solutions exist for

shear dislocations, there is extensive research in progress into approxi-

mate source models. Several elastodynamic models have been developed,

which allow computation of the displacment, velocity and acceleration

power spectra of the near and far field solutions. They all agree (e.g.

Brune 1977) in the following as shown in Fig. 22: the state of stress near

the fault increases gradually as a long-term process; failure occurs when

the static friction is insufficient to contain the high stresses stored.

The potential elastic energy is then transformed into kinetic energy of

wave propagation, followed by a readjustment of the state of stress in the

vicinity of the source. This phenomenon of rupture may spread along the

fault.

The main parameters describing the geometry and the mechanics of the

strick-slip fault are

L

A

h

w

- rupture length

- fault area

- fault depth

- rupture width

1

)
geometry

p - density }

- shear modulus
material

D - average displacement

r - equivalent source dimension

cr - effective dynamic stress



42

RS</J - radiation pattern

!1(J

M
o

- stress drop }
global dynamic measure

- seismic moment

m

T

- magnitude (Richter magnitude M, body magnitude ~ or
surface magnitude m )

s

- rupture velocity along the fault}
source time function

- rupture duration (rising time)

The five most critical parameters are the magnitude, the seismic

moment, the fault rupture, the average displacement and the stress drop.

!1(J ~ 130 bar.4m,

m = 8.3,

-
D

For the 1906 San Francisco earthquake they were estimated as:

M = 5.4 x 10
27

dyne-cm, L = 300 km
o

The five parameters are related in the following way:

M = ]lAD
0

!1(J = c]lD
L

(14)

(15)

and

(16)

Where c, aI' a
2

and a
3

are constants. Thus the complex elastodynamic

model depends only upon two parameters. Figure 23 illustrates an example

of the interrelations among the five parameters (Dieterich, 1973).

The Fourier amplitude ground displacement, recorded at distances from

the fault such that ~R « 1 (i.e. the far field spectrum) is typically

fairly flat in the frequency range 0.1 to 1 Hz. At frequencies below

0.1 HZ, the spectrum is much more variable. Beyond about 2 Hz spectra

from different earthquakes show a pronounced decrease with increasing fre-

quency, which is fairly linear on a log (- log) plot and typically has a

slope of about -2 to -3. The horizontal portion of the spectrum is usually
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called n and can be estimated from M in the following way:o

n
o

M *
_1_ ~! R
4rrR }.1 S ecjJ (for S waves) (17)

where R is the focal distance, B the shear velocity and Re~ the radiation

pattern. For the other waves the formulae are identical R
ecjJ

depends on

the mechanism of generation, on the type of wave and is very much influ-

enced by the propagating rupture. The four-lobe representation for the

overall performance is still not well documented. Thus the use of Re~ = 1

is strongly recommended for all circumstances.

The intersection of the two lines defines the so-called corner fre-

quency f , which is generally connected with the geometry of faulting, the
c

magnitude and the azimuth. f can be computed from the formula
c

f
c

2.34 B
=

2rrr
(18)

were r represents an equivalent source dimension obtained from

r = (ii.-)1/3
l>cjJ •

The slope y of the asymptote depends on the details of propagation of

rupture, rising time, etc.. In Central California, Johnson and McEvilly

(1974) observed that corner frequencies are only weakly dependent on

magnitude. In fact, data from earthquakes are surprisingly similar in

regard to the fundamental source parameters with only the seismic moment

showing strong dependence on magnitude. Johnson and McEvilly propose the

following expressions to relate M and f with mo c

log M
o

log f
c

(17.60 ± 0.28) ± (1.16 ± 0.06) m

(0.48 ± 0.12) ± (0.079 ± 0.030)m
(19)

* To get the spectral acceleration the relation Ao
used.
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The high frequency asymptote of the spectrum is typically about -2.

For the San Andreas fault the following relation between Land m has been

proposed

L = exp(0.836 m - 1.08)

although some authors prefer a function of L2 or L3 instead of L (see

Tocher et al., 1977).

For very short epicentral locations, just in the vicinity of the

fault, the Fourier amplitudes for the lower frequencies do not show the

features of the far-field spectrum. In fact, the near-field solution

-1
exhibits an asymptote proportional to W in the low frequency range

(Fig. 22). Figure 24 shows the influence of the mechanism of rupture on

the acceleration source spectrum. Data were obtained from Berrill's

analysis (1975) of the San Fernando earthquake. In both situations the

seismic moment is M
o

26
10 dyne-cm; the full line corresponds to r = 12 km

and the dotted spectrum corresponds to r=6 km which is the hypothesis of

a massive initial rupture over a much smaller area.

As will be seen in the next section, peak ground motion parameters

are good indicators to predic·t the performance of structures. Unfortun-

ately there is little information on strong motion recordings in the near

field. There are indications that the intensity of ground motion close

to the fault zone, even for moderate earthquakes, is large. An extrapola-

tion into the near field usinq the far-field data should be exercised with

caution (Fig. 24). The curves should become flat close to the fault to

reflect the finite limits of motion at the fault surface.

According to the theories of elastodynamics near the source, initial

particle velocities depend on the density and rigidity of the material
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surrounding the fault and on the stress drop,

= /J.(J s
u 11 (20)

peak acceleration depends on these parameters and also on the high fre-

quency cut off in the response content

(21)

High stress drop can induce large initial particle velocities of the order

of 100 em/sec and an upper bound acceleration of 2 g.

These values may be expected on competent rocks but on unconsolidated

alluvium the strength may be insufficient to transmit such intense motion

to the surface.

There has been a tendency to specify very large values for the ground

parameters, such as in the northern San Fernando Valley (Degenkolb, 1975),

but there is no reference to the probability associated with such motion.

Uncertainty is still very large in these determinations. Tocher

et al. (1977) suggest that a full probabilistic treatment should be exer-

cised over the entire problem.

In resumg, the two-parameter model simulating the earthquake mechan-

ism at the source can be either the seismic moment and the corner frequency

or the magnitude and the stress drop. The correspondence between the two

models is obvious. In the following chapters attention will mostly be

on the latter representation.

3.3.5 On Wave Propagation

The seismic waves generated at the source propagate in all directions

obeying two general attenuation features:

a) geometrical spreading attenuation - P and S waves at large dis-

-1
tances compared to the source dimensions are attenuated as R i surface
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waves are attenuated as R- l / 2 • At short distances the geometric attenu-

ation is a function of the source parameters and mechanisms of generation,

and the amplitudes decay in proportion to R-
2 (near-field solution).

b) material attenuation - the internal dissipation of energy intro-

duces an attenuation approximately represented by the model

where

A(W, R)

a(w) =

A(W,O) exp!:a(W)R]

W

2Qc

(22)

c is the phase velocity; l/Q is the specific attenuation; A(W,R) the

Fourier amplitude at distance l~ and A(W,O) the Fourier amplitude at R = O.

The larger Q is, the smaller is the damping. For California Q ~ 400.

With this formulation the wave attenuation is a function of the dis-

tance, of the earthquake size at the source and of the frequency. The

Fourier amplitude at a given location is obtained from the product of the

source spectrum and the attenuation (Fig. 24).

Berrill (1975) computed the Fourier amplitude of acceleration A(W,O)

at the source from analysis of high frequency strong motion (0.4<f<16 Hz)

in the San Fernando earthquake of 1971, using a two-parameter model and a

least squares fitting.

However, the present state of knowledge of seismic loads and their

effect on structures suggests that peak ground acceleration (a ) ,max

velocity (v), displacement (d ), and duration of ground motion
max max

(s ) are suitable characteristics to define earthquake ground motion
max

(Newmark and Rosenblueth, 1971). Actually a and d are fairly goodmax max

indicators of the response of structures possessing, respectively, very

high (>2Hz) and very low «0.5 Hz) natural frequencies. In the intermedi-

ate range of natural periods v correlates better with the response but
max

the correlation is less precisE~ than that of the former parameters.
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These parameters are not all independent. 2 .
adlv and via were pro-

posed as two important parameters controlling the construction of response

spectra. They are somehow related to the transitions a + v and v + d in

the spectrum. without going into details it can be said that ad/v
2

and via

increase with distance, but while the former decreases with magnitude the

latter increases.

Johnson (1973), Lynch (1969) and McGuire (1974) made correlation

studies on ground motion parameters and on response spectra. The former

used data from nuclear events in Nevada and the latter studied the San

Fernando earthquake. In general, better correlations are obtained for

intermediate natural periods in terms of spectral response ordinates.

Spectral ordinates do n04however, yield better correlations for the low

and high range of natural periods (McGuire, 1974; Esteva, 1977).

Peak ground displacement attenuates with distance at a rate less than

velocity, and velocity at a rate less than acceleration. The transition

between the near field and the far field is fixed by the intersection of

the two straight lines.

The above considerations have led to the use of empirical formulae

of the following form

(23)

to express the attenuations of the several types of waves present in the

ground motion, where

y represents a , v , d or the pseudospectral velocities,
max max max

b
l

,b
2

,b
3

are constants to fit the experimental data,

f(R) is a function of focal distance,

E is a random variable which takes into consideration the dispersion

between the experimental data and the computed values using the above
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formula, and

~0 is a variable representing the effect of stress drop in the case

of the near-field solution. As a simplification ~0 may be taken as a

function of the type of faulting (strike-slip, normal or thrust) •

Table VI shows the values proposed by different authors for the atten-

uation formulae considered in "this study. Coefficients of dispersion are

also given. The dispersion is seen to be very large. The preceding dis-

cussion is required to obtain the response spectra for any given M,R (and

~a for the near field) in a given region. For the statistical character-

ization of any parameters defining response spectra it is necessary to have

sufficient data and this is available only for a limited number of areas

and mainly in terms of acceleration. To obtain response spectra in regions

with little data, the shape of spectral densities from other regions has to

be adopted and suitably scaled.. Figure 25 presents the different formulae

of Table VI.

Brazee (1976) studied the area of perceptibility for earthquakes occur-

ing in California and Western Nevada in terms of magnitude. He did not,

however, study the effect of radiation. McEvilly and Simla (1972) also

studied attenuation of intensity with distance.

Duration of earthquake ground motion* depends mainly on the earthquake

parameters, and on focal distance. The type of rupture in the fault zone

could also be important. McEvilly and Simla showed that the duration for

small magnitude earthquakes occurring near San Francisco was almost inde-

pendent of distance up to 50 miles. For large magnitudes Dobry et ale (1977)

present a curve of significant duration as a function of m and R valid for

the Western United States. Here, the geology also plays an important part.

* No single measure of duration has yet been widely accepted. Roughly
speaking it corresponds to the intense phase of shaking or to the time
for which acceleration is kept above a given threshold.
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TABLE VI

Attenuation Formulae with Distance

R

n

_.._-_.

Ground motion parameters: y = b exp (b
2

m) \[(R21 -b31

AUTHOR Y b1 b2 b3 feR) (J IDENTIF

McGuire a, cm S-2 472 0.640 1.301 R+25 0.51 a1

Donovan " 1080 0.50 1.32 " 0.707 a 2

Esteva " 5000 0.8 2.0 R+40 -- a3

McGuire -1 5.64 0.923 1.202 R+25 0.63v, cm s vI

Correction
I = log 14v " 52.6 0.579 1.32 II -- v 2

log 2

McGuire d, cm 0.393 0.999 0.885 " 0.76 d1

5% damped spectral pseudo-velocities: Sv = a' 10bm [(R)! -c
~ ~

Period(sec) a' b c feR) (J

0.1 10.09 0.233 1.341 R+25 0.59

0.2 31.45 0.226 1.323 II 0.54

0.5 5.74 0.356 1.197 " 0.55

0.8 1.245 0.415 1.020 " 0.58
McGuire

1.0 0.432. 0.399 0.704 " 0.63

2.0 0.122 0.466 0.675 " 0.80

5.0 0.0706 0.557 0.938 " 0.94

8.0 0.1475 0.435 0.767 " 0.82

0.055 2.691 0.303 1.395 (J - Standard deviatio
of In y

0.101 7.497 0.327 1. 558 Duration in Sec:

0.248 20.01 0.305 1.396 s =10(0.435m-1.85)+0.3

Johnson
1

0.609 2.067 0.429 1.135 (0.74m)
sZ=0.02exp +0.3R

.1,004 0.831 0,,501 1.134

2.469. 0.405 .. 0.532 1,.137
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Soil sites show much more scatter, with durations on rock providing a

lower bound. The larger durations recorded at soil formations seem to be

caused by long period motions at the end of the record, perhaps associated

with surface waves, (see Dobry et al., 1977). In this analysis the follow-

ing expression, based on the above discussion, was used for duration

(24)

The values of parameters d
l

, d
2

and d
3

used in the analysis are given in

Table VI and Fig. 26.

The effect of duration is of prime importance in the study of cumu-

lative damage in structures, mainly in soil structures. The phenomenon

of liquefaction of sands is a typical example where the duration and the

acceleration of ground motion playa very important role. In fact,

laboratory test data have indicated that the greater the number of appli-

cations of a given level of acceleration, the smaller the dynamic strength

of sand against liquefaction. For a complete analysis the statistics of

both acceleration and duration should be known. Even though a positive

correlation would be expected between these two random variables no

correlation studies have been done so far in the area.

The predominant period, T , of ground motion, connected with the
p

frequency content of the waves, is another characteristic often used in

the literature. For California, T can be written as
p

m 2.5 R R > 40 km
27 + m

67000
T = (in sec) (25)

p m
27

R < 40 km

These two last expressions represent mean values of samples with large

dispersion.
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4. COMPUTER MODELLING FOR RISK ANALYSES

From the probability distributions of the three-dimensional space­

time-energy continuum and the form of wave attenuation, it is possible to

determine the probability distribution function, pdf, of a ground motion

parameter for a site. This probability distribution provides the basic

information for preparation of seismic zoning maps. Its development is

known as seismic hazard analysis, SHA (Cornell, 1976). Modifications of

such zones to reflect local soil conditions are referred to as micro­

zoning. If, as well as the seismic hazard analysis, it is of interest to

estimate global losses that could be inflicted on a community because of

future earthquakes, it is necessary to consider the interaction between

the seismic threat and the geographical distribution of population and

property. This is referred to as seismic risk analysis, SRA.

4.1 Seismic Hazard Analysis (SHA)

Usually seismic zoning maps are prepared on the basis of peak ground

accelerations. Attenuation laws, however, are different for peak ground

acceleration, velocity and displacement and, since the design of different

types of structures may be governed by one of these, it is meaningful to

prepare separate zoning maps for each of these parameters. Further, in

order to have a full description of the response spectra, seismic zoning

maps could be developed directly in terms of response spectra, taking

into account the changes in spectral ordinates due to magnitude and dis­

tance. For soil structures duration of motion might be very important

justifying the preparation of a map of duration of strong motion. It

might also be useful to develop joint probability distributions of two or

more parameters.
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To obtain the probability density function for extreme values of one

of the parameters defined in the formula

as the result of uncertainty in time, space and intensity, there are two

main methods of analysis: (i) The analytical method considers different

earthquake source areas characterized by the parameters B., A., m . and
~. ~ o~

mli and uses standard techniques of transformation of variables to trans­

form the 3-dimensional space-time-energy into a I-dimensional y-space;

and (ii) the experimental or empirical method considers the simple family

of earthquakes that have occurred, and transforms it using the attenua-

tion law into a parameter y at the site. Only then can a statistical

analysis of the extreme value be made.

Consider first the analytical method.

Assuming that the time process is Poisson with mean value A, the

magnitude is a doubly truncated negative exponential random variable,

the attenuation law is given by Eq.(23)with In E as a normal random vari-

able where In E has zero mean value and variance cr, then for a point-

source mechanism the extreme probability density function in a period t

for a given hypocentral location R is, according to Merz and Cornell (1973),

where

G (y) = Prob I"Y > y~ ~ I - exp(-P At)
y _max -' y

(26)
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where

z = .en y - in(b e b2ml R-b3 )
1

z = in y - in(b eb2ffio R-b3)
1

S = b .en 10

*~ (.) = complementary cumulative distribution function
of the standardized Gaussian distribution

The above function should be integrated over the entire earthquake

source area so that all possible locations of earthquakes are considered.

In the case of several independent source areas the distribution of prob-

ability is given by

n
IT Gy (y)

j=l j
(27)

The integration over the area is done numerically. Quadrilateral area

elements with parabolic sides were used in the development of the computer

program needed to perform the integration.

1977. )

(For details see Oliveira,

As was seen in Chapters 2 and 3, statistical data as well as the

mechanics of generation indicate that the above-mentioned model should be

implemented, so that uncertainties in the final probability distribution

function of yare reduced.

To these uncertainties should be added those contained in the

historical data arising from the location of epicenters, the evaluation

of magnitude, and the incompleteness of the earthquake catalogue. As was

pointed out in Chapter 2, errors affecting the determination of L., M.
J. J.

and A have been reduced considerably with the increase of the seismographic

network. Up to 1959 the uncertainty was large and needed to be taken into
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account.

Kiremidjian and Shah (1975) studied numerically the influence of a

hypothetical 5% uncertainty assumed independently for each parameter over

the final probability distribution function; Table VII presents their

results. They concluded that the larger uncertainty in the final result

of approximately 20% is due primarily to large errors caused by varia-

tions in the regression constants a and B. Another source of uncertainty

comes from the value of the upper magnitude mI. Apparently, however, from

Table VII the results are less sensitive to the attenuation constant, and

almost insensitive to focal depth and location. These results differ sig-

nificantly from the ones obtained in this study, as shown in Chapter 5.

TABLE VII

Sensitivity of Peak Ground Acceleration (PGA) for 10%
Chance of Exceedence

Parameter 5% Increase 5% Decrease

Name % Change in PGA % Change in PGA

l. Regression

(a) a +7% -6.5%

(b) lSI -18% +23%

(c) a and S +10% +15%

2. Attenuation

(a) bl +5% -5%

(b) b4 -5% +6.5%

(f (R) = R +b4)

3. Focal Depth -2% +2%

4. Fault
Location -1% +2%

L ml +6.5% -10%
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The experimental method of analysis, which will be used frequently

herein is based on extreme value distributions. It can be shown that

order statistics from an exponential parent distribution are in the

domain of attraction of an extreme value distribution (Hasofar, 1973).

Therefore, an equivalence between the cumulative distribution based on a

complete earthquake catalogue and the distribution of annual extremes has

been suggested. The analysis of annual extremes, which will lead to

upper bounds of the whole process, is very simple to apply. To estimate

the parameters of the distribution based on the parent distribution re-

ferring to n years, the strongest event in each year is selected, the n

values are ordered in increasing size and plotted according to the rule

P (j) = -L
n+l

where j stands for the position in the ordered sample.

Extreme value type I and type II paper has been used to plot experi-

mental distributions. When events are subjected to an upper limit on

their size, an extreme type III distribution may better fit the data. A

parabolic fitting may as well take into consideration the curvature shown

in the plots. The techniques for parameter estimation are given in an

earlier report (Oliveira, 1974).

The experimental method can be applied to any seismic hazard para-

meter, directly observed or transformed using the available techniques.

In general the event L;, M., T., that has taken place is transformed into
... ~ ~

the site parameter y, using the source-model and the attenuation curves

and then annual extremes are plotted. Extrapolation for return periods

far beyond the period covered by the data should be exercised with

caution.
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4.1.1 Definition of Source models

The first correction applied to the model is of great importance to

hazard analysis in the San Francisco Bay Area; it concerns the two-fold

mechanism of rupture in the fault. For sites located near fault zones, a

point-source assumption is not realistic because, due to fault rupture,

the actual hypocentral distance might be smaller than the one based on

the LDitial origin. This is equivalent to saying that the isoseismals

near the fault zone are elongated in the direction of the fault trace.

Secondly, the two parameter source model (M and ~0) will scale the law

of attenuation with distance. Both Kiureghian and Ang (1975) and Douglas

and Ryall (1975, 1977), have dealt with a line-source model. An exten-

sion of Cornell's point-source model (1976) is obtained here by modifying

the probability density function of epicentral locations.

Suppose that (i) the fault location is known and (ii) the fault

rupture is, from Eq. (16),

According to Fig. 27 the actual hypocentral distance R can be expressedc

as

where

(28)

corr =

I Proj I - L

o

if I Proj I - L> a

if I Proj I - L < 0
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Figure 27 can be interpreted as if an epicentral location at point 1 is

transferred to point 2 to take into account the line-source mechanism.

When the epicentral locations are uniformly distributed along the fault,

the corresponding corrected locations are distributed as shown in Fig. 28.

This algorithm does not increase the central processing unit of com­

putations. For other types of souce zones the process can be similarly

implemented.

The two-parameter source model could be developed using the consid­

erations presented in Sections 3.3.4 and 3.3.5 and briefly summarized in

Fig. 24(b). For any given combination of magnitude and stress drop the

site of interest is identified as in either the near field or the far

field, and this determines the applicable propagation formulae. The mag­

nitude and the stress drop can be considered as two independent random

variables.

While the pdf of M is known a probability density function has to be

assigned for 6cr. In this formulation the probability of Y cannot be

expressed without the magnitude law. This leads to an additional inte­

gration which obviously increases considerably the computational time.

Simulation techniques are particularly recommended in this type of prob­

lem.

4.1.2 Further Studies on uncertainties

As seen in Table VII uncertainties in a and 8 are very important.

One way to take into consideration these uncertainties would be estima­

tion of confidence limits for a and 8 on the basis of any given probabil­

ity.
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This would lead to conservative estimates of SHA. Since a and Bare

dependent with quite large coefficients of variation, the inclusion of

these two uncertainties directly into the mathematical model can be made

in the following way

Py - I I p(yla,B) f(a,B) da dB
- a B

(29)

where f(a,B) is the joint density function of a and B. a and B can be

considered as bivariate normal r.v. 's (Barlow and Proschan, 1975). The

marginal distribution of B can be obtained from Eq. (9), Section 3.3.3,

and approximately represented by the normal density; the distribution of

a, usually taken as a gamma distribution, should consider the incomplete-

ness and reliability of the data; cov(a,S) is given by Eq. (11). It

should be emphasized that the estimates of a and Bare strongly dependent

upon the selection of the earthquake source areas.

One way to see the influence of a in the problem (McGuire, 1976) is

to assume that a has a gamma 1 distribution; then, from Eq. (7),

f
k

1 (a) = T (aT)k e -aT
+ ,T kl

k,a, T > 0, (30)

and in the case of a Poisson distribution for the number of events with

magnitude within a given range

P (t la)
n p

n
(at )

p
nl

e
-at

p (31)

The total probability of P (f) is, from Feller (1971),
n

Pn(t) = I
oo

p(Nla) fk(a) da
o

=
n+k

C
n

k+l t n

(T+:) (~)
p p

(32)
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which is the limiting form of the Polya distribution. For ,n 0

1 _ F = 1 _ (~) k+
1

T+t
P

(33)

Comparing the model with a deterministic a, then

1 + l/k •

k/a
1 -

k/a + t
----:--:;--p""-. ~
1 - exp(-At )

p

Since the coefficient of variation of a is l/I}Z, for values less than

O.4,k is greater than 6 leading to a final error smaller than 16%.

Assignment of the upper limit of magnitude for each earthquake zone

constitutes another important problem. McGuire (1976) included in his

model a r.v. with uniform distribution for the upper intensity between

the maximum observed intensity and XII. For California, authors seem

to agree that the uncertainty in ml is small

The effect of focal depth uncertainty can be introduced into the

model. Basu and Nigam (1977) developed such a procedure for the study

of Indian seismic risk. For California, however, the focal depth has

little variation, as seen in Section 3.3.1, so here the average value

.h = 8 km has been used.

The last point to be discussed relates to earthquake generation in

time, for which two items are considered. The first refers to the

validity of the Poisson model in a zone of known elastic rebound mech-

anism and has already been analyzed in Section 3.3.4. The second is the

comparison of the Poisson, gamma and Markov chain models in terms of

final probability distribution. For an interoccurrence time interval

the gamma-l distribution gives



P[N(t)=n]
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k-l
exp(-at) L

i=o

(at) kn+i

(kn+i) ! (34)

For k = 1 this reduces to the Poisson model and

pry > y] 1 - -ate

For k = 2

P[N(t)=n] -at (at)2n (at)2n+l)
= e (2n)! + (2n+l) !

and

pry > y] 1 - e-at (l+at).

For the Poisson model, the probability of at least one occurrence is

1 - e-vt

where V is the mean number of events per year.

According to the Markov model, the probability of no occurrence in

the interval of Tr years is given by

T
r

IT
i=l

cI>22 (i)

T
r

IT
i=l

1
a + b

i[a + (l-a-b) b] (35)

and the probability of at least one occurrence is

T
r

1 - IT cI>22 (i).
i=l

Figure 29 compares the Poisson, gamma (k = 2) and the Markov models

of time generation for the next 100 years. The values used to derive

this figure are the ones referred to in Section 3.3.2. While the Poisson

model does not depend on the initial considerations, the Markov model

does.

As can be seen from Fig. 29 the Markov and the Poisson models present

approximately the same results. This is due to the fact that the Markov
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memory dies out after a few intervals (years), and the process rapidly

approaches the Poisson model. In comparison, the gamma model presents

slight differences. For small elapsed times the probability of exceed­

ence is smaller, but for large elapsed times the probability of exceed­

ence is larger. In fact in the latter case while the probability of

exceedence for the Poisson model is of the order of vt, for the gamma

with k = 2 it is (at)2/2. In the figure both processes were scaled to

the same mean value, i.e., a c: 2V.

The time t to the next event Tlon fault 1 has some degree of depen­

dence in relation to the time to the next event on fault 2 because of

the fact that energy accumulation is a slow process occurring continu­

ously for all the faults. If there is a rupture in one fault, the prob­

ability of ruptures in other faults has necessarily decreased, showing

statistical dependence of fault events. Hence for this model the com­

putation given by Eq. (28) should be corrected suitably.

4.1.3 Joint Densities of Peak Acceleration and Duration

As pointed out before, the knowledge of the joint densities of two

ground motion parameters could be very important. In studies of lique­

faction, usually the duration is introduced through an empirically esti­

mated parameter, namely Neq, which measures the equivalent number of

significant cycles.

Since liquefaction of sands is a result of the combined action of

acceleration and number of cycles, the following simple method of anal­

ysis is proposed based on the Miner criterion (Penzien and Tseng, 1977):

Accumulative damage (AD) for a narrow band response as normally produced

by earthquakes can be expressed in the approximate form
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AD ~ vsJ
o

OO

p (z) dz
N(z) (36)

where V is the mean rate of occurrence of zero crossings with positive

slope, s the duration of response z(t), z represents the individual

single amplitude of response (stress or acceleration) present in the

process z(t), p(z) the pdf of the r.v. z,and N(z) the relationship ex-

pressing number of cycles to failure (N) versus amplitude of response z.

For a narrow-band process, p(z) can be approximated by the Rayleigh dis-

tribution

p(z) =

where 0 is the variance of z.

(37)

Assuming the relation given by Yegian (1976, p.184)

() .b bz
N z = zl Nl e (38)

where N
l

and zl represent a convenient point on the Z-N curve and b is

constant, and substituting from Eq. (37), then integration of Eq. (36)

yields

AD = { cr; + cr:b J2cr2rr I e

(see Gradshteyn and Ryzhik, 1965).

(39)

To estimate the total accumulative damage during one earthquake it

is necessary to establish the joint probability density function of dur-

ation and acceleration (directly related to V and 0). This can only be

done from data evaluations (Fig. 30). According to Miner's linear accu-

mulative damage criterion, liquifaction will occur when

AD (total) > 1.
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Hence the joint densities of two ground-motion parameters would be

invaluable for further studies of low cycle fatigue.

4.1.4 Comparison of Different Methods of Analysis of Seismic Hazard

Comparison between the analytical and the experimental methods show

that the former is more consistent because it is based on the statistical

characteristics of the source areas allowing the calculation of the pdf

of the site parameter for its entire range. The experimental technique

uses just one realization of the process and consequently does not con­

sider the probability of its occurrence. For low probabilities extra­

polations have to be made. Furthermore, it is difficult to introduce

into the experimental method the effects of uncertainties derived from

the generation of earthquakes. However, the experimental distribution

resulting from the known history of earthquakes can be used as an initial

distribution in a Bayesian model, as in the following.

Uncertainties in the modelling of earthquake sources could intro­

duce additional uncertainty in the estimated risk. Decisions such as the

type, the average recurrence rate, and the geometric parameters of each

potential source may not be obvious; alternative assumptions for this

purpose may have to be considered.

The following procedure of Cornell and Merz (1975) based on Bayesian

estimates can be used

i) Alternative recurrence lines, upper magnitudes and source

model geometries may be assumed.

ii) To each alternative set of parameters a weighting factor is

assigned on a subjective basis. The weighting factors represent the

relative likelihoods that the assumed alternatives will be the correct

ones.
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iii) Using the theorem of total probability,

n
p (Y > y) l: p (Y > y!A.) w. (40)r a

i=l
r a 1. 1.

where A. the
.th

set of alternatives= 1.
1.

w. the weighting factor for the i th
set of alternatives

1.

and n = the number of possible sets of alternatives

This method could be called semi-analytic.

Now the discussion of distributions in terms of response spectrum

has not included the effect of randomness of the response for a fixed

intensity of seismic action.
-3

Actually, for low risks «10 ) the final

distribution of maximum response of a one degree-of-freedom system con-

sidering both the randomness of intensity and the randomness of response,

has to be computed using the two distributions and it is no longer valid

to consider only the distribution of intensity and the mean value of

maximum response (Oliveira, 1975).

In fact, the above problem is directly connected with the general

philosophy of definition of probability levels of safety. The low risk

-8
levels «10 ) require extrapolation to a period of time that extends as

far into the future as the Early Tertiary goes back into the past. This

is to say that it is necessary to jump into the unkown a higher order of

steps. Extrapolation based only on extreme value statistics for return

periods beyond the period covered by the data set, was criticized by

Knopoff and Kagan (1977). The geotectonics of the past million years may

add information about the possible evolution of our present state.

Furthermore, to compute the safety levels it is necessary to know

the interval of time for which the structure should be designed. It

appears that the estimation of this reference interval of time is
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settled quite arbitrarily. This point is analyzed briefly as follows.

Assume first that the reference interval of time T , is fixed with
r

a certain uncertainty expressed as a

-Vt= Ve

and the time generation is Poisson with mean value equal to

(41)

which is a geometric distribution (Feller, 1971). The ratio of PN(n)

obtained from the above to E[T ] = 50 years is approximately one. But ifr .

the distribution of T is different, the ratio could be important, depen-

ding on the coefficient of variation of T. For one case that was
r

studied of the gamma-l distribution with k = 2 the final distribution

would change from 0.999 to a 0.996.

4.2 Risk Analysis

4.2.1 Generalities

As previously stated, the seismic risk over a region cannot be given

simply by a single parameter such as maximum acceleration, velocity or

displacement measured at one site because of the spatial correlation

existing among performances at different sites for the same earthquake

(Oliveira, 1975). In terms of total losses over an area it means that,

when summing up local losses from different sites, dependent r.v.'s are

involved.

This section is included in the report to make sure that this con-

cept is not overlooked when characterizing risk for a zone, and the San

Francisco Bay Area is one of the places where this type of analysis

should be applied.
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4.2.2 How to Handle the Problem

There are several ways to attack the problem of spatial correlation,

depending on the objectives under analysis. For instance, Oliveira (1975)

developed an overall methodology which takes care of the variation of

damage with distance for a given earthquake in terms of mean and vari-

ance, and integrates that information over the metropolitan area. Taleb-

Agha (1975) developed a technique of analysis of discrete and continuous

systems such as pipe-lines, power stations, where it is necessary to ob-

tain the probability of exceeding given levels of excitation simultan-

eously for a set of k objects. It is evident that the simultaneous

failure of two, three, or more elements of a chain would have consequen-

ces that are not two, three, or more times the consequences of a single

failure. Caputo et al. (1973), however, developed a technique of analy-

sis for both discrete and continuous systems in which they consider the

perceptibility area for given intensity and study the statistics of the

possible occurrence of earthquakes striking the given object.

In short, the way to study the risk problem depends on the objec-

tives, and the objectives can vary from consideration of the number of

times a given area is struck by earthquake intensities larger than I ,
o

to an estimation of the total losses that could be inflicted on an

entire regi~n. Authors usually consider that the transformation between

ground motion and damage requires another random step (Whitman and

Cornell, 1977). What really ought to be known is the direct relation

between the earthquake characterized by at least M and R and the corres-

ponding impact on the region affected, economic, social, or whatever

output is of interest.

Bearing in mind the application of Taleb-Agha's model to study the
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exposure of people to seismic threat, the principles of his model are

developed as follows.

Consider a group of point objects each one defined by a damage

threshold r l , r 2 •••. r
n

• Assume that r is directly related to ground

motion parameters. Using the attenuation formula of Eq. (23)

the probability of exceeding the threshold r. at point i is
1

or

- b
Let R. = r.R. then

J.. J.. J..

P I~i ~ a(m,R>]

rr, R,
b

3 b
2Jp J.. 1 < e ._ b

l

ri

b

e
b2m

]

(1.0) 3
p <

b
l

or

p

If F (m)is known, then the probability of exceeding r. is
M 1

If the attenuation parameters are constant for the entire region, to

(42)

obtain the probability of simultaneously exceeding

R. are ordered in increasing size
1

r. at j points the
J..

<.•• R.
In
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and

is computed. If the model of earthquake occurrence is Poisson, then

Eq. (26) should be used.
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1 - Initial point for rupture

2- Final point of rupture

SITE

FIGURE 27 SKETCH FOR LINE-SOURCE MODEL

L

ISOSEISMALS FOR EARTHQUAKE ORIGIN
AT POINT 1 AND RUPTURE LENGTH L

UNIFORM DISTRIBUTION OF EPICENTRAL
LOCATIONS ALONG THE LINEAR SOURCE
ZONE OF LENGTH R,

LMAX.

CORRECTED DISTRIBUTION TAKING

L INTO ACCOUNT THE RUPTURE LENGTHo
AND THE pdf OF MAGNITUDE

FIGURE 28 LINEAR EARTHQUAKE SOURCE ZONE. CORRECTION TO
ACCOUNT FOR THE LINE-SOURCE MODEL
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5. SEISMIC HAZARD ANALYSIS FOR A SITE IN DOWNTOWN SAN FRANCISCO

5.1 Main Results

As shown by the data presented in Chapter 3 and the mathematical

models reviewed in Chapter 4, a variety of hypotheses. have been studied,

and both analytic and experimental techniques have been considered.

The effect of the geometry of earthquake source areas is examined

next, using three different models as shown in Fig. 13. The first case

corresponds to the idealization of three source lines or three main faults,

San Andreas, Calaveras-Hayward and Middland. The second idealization

corresponds to three area sources with uniform epicentral distribution

from a model of Algermissen and Perkins (1976). The third idealization

corresponds to a single rectangular source area having as longer axis the

San Andreas trace and with a bell-shaped epicentral distribution in the

transverse direction, as in Fig. 31. The seismic characteristics of each

earthquake source area corresponding to each of these three models are

given in Table V. Wave attenuation formulae used in this work are given

in Table VI. Maximum values of acceleration, velocity, displacement, as

well as spectral pseudo-velocities and duration of strong motion were

analyzed. The influence of some uncertainties in the parameters was

thoroughly studied.

In the experimental case extrapolation for intermediate risk « 10-2)

was made by parabolic fitting of the following: In(-ln G (y») versusy

In(y). Straight-line fitting is not realistic for large extrapolations,

because it does not consider the upper truncation of magnitudes.

In the following, results of the analyses are presented.

Figure 32 shows the annual probability distribution for maximum

accelerations, velocitiest displacements and duration using the
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experimental method. Differences up to 30% can be found. The line-

source mechanism increases the parameter estimates based on point source

models by at most 80%. The results are very sensitive to the period of

time in the study (see Fig. 33). Indeed for the period 1934-1973, which

corresponds to the full instrumental recording, the seismicity is moder-

ate and the extreme value type II plot is very linear. The 1880-1907

period, however, shows a much greater seismicity and the plot reflects

the incompleteness of the records for small magnitude events, expressed

by its parabolic form. A comparison of the full period 1800-1973 with

the period 1800-1907 shows that the assigned San Francisco seismicity is

mainly due to activity during the 19th century. If maximum values in a

10-year period are used instead of the yearly period used before, the

results are approximately the same*.

A comparison between analytic and experimental techniques is illus-

trated in Fig. 34 (on semi -log paper) for both line-source and point-

source mechanisms. The experimental technique yields 40% to 50% higher

estimates.

Figure 35 compares the influence of uncertainties on the attenuation

curves, on the value of B and on the geometry of earthquake source areas.

The uncertainty in attenuation curves has been directly incorporated in

the mathematical formulation.

Figure 36 shows the probabilistic distribution function for response

spectrum according to the McGuire and Lynch expressions using the experi-

mental method. The plotted distribution refers to the case of a one

* Larger intervals of sampling are desirable for better analysis of
large earthquake activity. However, increasing the sampling interval
reduces the number of intervals to be used in estimation and extra­
polation. For the algorithm to transform T-year intervals into
yearly intervals see Oliveira (1974).
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degree-of-freedom system with a 5% damping ratio. Both linear and para-

bolic fitting are presented for the experimental case. Consistent re-

sponse spectra were drawn in Fig. 37 for 10, 100 and 1000 year mean

return periods. A comparison made with the values determined for ground

motion parameters shows discrepancies of two types: first, the technique

of analysis for maximum acceleration, velocity and displacement was more

sophisticated than the one used for the response spectra; secondly, the

curves proposed by McGuire and Lynch were obtained from data referring to

few earthquakes. No studies of uncertainty were made.

All the above studies were conducted for a site in downtown San

Francisco, or more precisely located at 37.750 N and l22.45
0

W. For other

sites located along a transverse profile to the San Andreas fault see

Fig. 38. Along profiles parallel to the San Andreas fault there is not

too much change.

It should be emphasized once more that the geology has not been

taken into account; the amplification factors defined in Section 2.5

could be used to do so.

The annual probability distribution functions of peak ground accel-

eration, discussed previously, are presented in Fig. 39. As can be

seen, there are upper and lower distribution bounds which correspond to

the results obtained throughout this study. The shaded area that repre-

sents the uncertainty estimation increases towards the zone of larger

return periods. The middle distribution is the best estimate of hazard

distribution in downtown San Francisco for bedrock formations. Table

VIII shows the values proposed for accelerations, velocity, displacement

and duration for different return periods. The values of via, dla and

2
adlv are also presented.
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TABLE VIII

Proposed Values for Seismic Hazard Parameters in

San Francisco (for Bedrock)

Return
10 20 50 100 200 500 1000Periods (years)

Acceleration
0.10 0.18 0.32 0.46 0.62 0.85 1.02

(% g)

Velocity
-1 12 20 30 40 50 60 120(em sec )

Displacement

(em)
7 - - 25 - - 70

Duration

(sec)
8 - - 20 - - 50

via (sec) 0.12 - - 0.09 - - 0.12

dla
2 0.07 0.05 0.07(sec ) - - - -

2
4.86 7.19adlv - - - - 4.96

I

These values characterize adequately the seismic parameters needed

for code purposes, cost-benefit analysis, etc. To obtain design values

with probability of occurrence far beyond 10- 3, however, as is the case of

nuclear power plants, the extrapolations cannot be done without introducing



Dalal (1972) proposes a maximum acce1-

95

large uncertainties. For these cases it is necessary to look at the geo-

logical evolution of the plate tectonics, in order to trace the seismic

activity of faults. As far as the San Francisco area is concerned, the

strike-slip evolution over the past 20 x 10
6

years seems to be taking

place without any drastic changes. Based on these assertions (see Chapter

2), and on physical insight into the mechanism of generation, there should

be a definite upper bound on the strong motion parameters, and therefore

the hazard curve should be upper truncated at a convenient level.

5.2 Comparison with Previous Studies

Greensfelder (1972) prepared a map for the State of California which

indicates for the San Francisco Bay Area, a maximum acceleration slightly

above 0.5 g. The approach followed by Greensfelder does not consider the

probability of exceedence of that value. According to Culver et ale

(1975) the maximum hard rock velocity to be expected for a 100-year

. d' 18 -1mean return per10 1S cm sec •

eration equal to 0.2 g for the 100-year period whereas Kiremidjian and

Shah (1975) propose 0.3 gi Algermissen and Perkins propose 0.45 g and

-1
34.3 cm sec , respectively, for maximum acceleration and velocitYi

-1
Kiureghian and Ang (1975) propose 0.47 g, 72 cm sec and 37 cm, respec-

tively, for maximum acceleration, velocity and displacement.

The largest values proposed in previous studies agree with the ones

obtained herein as far as acceleration is concerned even though for the

small return periods the estimates in this work are smaller. This may be

explained by the emphasis given in this study to the nonstationary process

of earthquake occurrence in the San Andreas system in the vicinity of

San Francisco. The values obtained here for maximum velocity and dis-

placement are, respectively, half and 2/3 of the largest presented in

previous studies.
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6. POPULATION EXPOSURE TO SEISMIC HAZARD IN THE GREATER
SAN FRANCISCO BAY AREA

A few studies of overall damage in this region have already been

made (OPE, 1972; Friedman, 1975); but in these studies spatial correla-

tion was not considered.

The study area covered in this chapter is defined as being limited

to the nine Bay Area counties shown in Figure 40. The geographical loca-

tion of the population was determined using the 1970 United States Census,

and 95 cities and towns were considered. A computer program was developed

to study population exposure according to the model of Section 4.2.2. To

introduce the data into the program, a set of 145 points, each one repre-

senting 25,000 people in a total of 3.6 million, was reformulated to take

into account the geographical distribution of population. Each new point

corresponds approximately to the centers of mass of the populations they

represent.

For generation source areas, the hypothesis of a point-source method-

ology was considered. Figure 41 presents the results of the present

study in terms of the number of people exposed to accelerations of 100,

200 and 500 cm/sec
2

during an interval of time of 10 years.

This example is a simple illustration of the spatial correlation

problem. It should be considered as a tentative case.

In other studies the same technique could be used to obtain the

effects of changes in population at the town level. For instance, the

population of San Francisco decreased from 775 x 10
3

in 1950 to 714 x 10
3

in 1970, whereas the population of California increased from 10.5 million

to 19.9 million in the same interval of time. Geology of the Bay Area is

another parameter of great interest that could be considered in the
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analysis. For this purpose use could be made of data as shown in Figure

7.

Another factor which could be considered in the analysis is the

variation in the geographical distribution of population throughout a day.
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TABLE IX

Resume of Sensitivity Studies Analysed

TYPE DESCRIPTION

Geotectonics Tectonic evolution; surveillance; correlation with
observed seismicity

Geology Bay Area geology; influence on earthquake ground
motion

Recorded data Reliability, completeness

Earthquake Four d~fferent geometries were analyzed; line and area
zones sources; constant depth

Occurrence
Poisson, gamma and Markov models; stationarity

times

Source-mechanism: Point-source, line-source, magnitude,
Size of stress-drop
earthquakes

Intensity distribution: a, [3, m
l

Three acceleration models
Two velocity

Uncertainty onAttenuation of One displacement
ground motion Two spectral ordinates data

Two duration

Site (SHA) Experimental technique

Methods of Analytical technique
analysis

Global (SRA) Population exposure
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7. CONCLUSIONS

The main conclusions to be drawn from this review study on methods of

hazard and risk analysis for the greater San Francisco Bay Area are as

follows:

a. The historical record of seismicity (about 170 years) is not long

enough to allow the acceptance or rejection of the Poisson model

of generation of earthquakes.

b. Line-source models of generation are very important when the site

is near the fault zone. This geometrical consideration should

always be considered.

c. Results obtained from experimental and analytical techniques

should always be compared. Experimental data fit approximately

an extreme value type III distribution or a truncated type II.

d.
-3

Extrapolation to the zone of very low risk «10 ) can only be

based on geotectonic evolution of the fault system in the last

20 x 10
6

years. Indications are that this evolution took place

without drastic changes.

e. Uncertainties in the mathematical model l on source mechanism,

attenuation features and on the definition of earthquake zones

are most critical in the evaluation of final probability distri-

butions.

f. Spatial correlation of earthquake action cannot be neglected in

global risk studies for San Francisco.

Table IX presents a resume of the sensitivity studies analyzed.

The first steps towards the implementation of risk analysis studies

are as follows:
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(i) Definition of response spectra or power spectral density func-

tions based on a two-parameter mechanism of generation, i.e.,

magnitude and stress drop.

(ii) Derivation of a joint probability density function of two ground

motion parameters, such as acceleration and duration.

Further investigations should be made on the effects of uncertainties,

particularly those derived from the correlation between a and S, and on

models of earthquake generation taking into account the spatial dependence

of times of occurrence. Global seismic risk studies for the San Francisco

Bay Area following the guidelines presented can easily be extended to

other types of exposure.
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