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ence of soft saturated marginal soils that can significantly amplify the
levels of seismic shaking as evidenced in the 1989 Loma Prieta earth-
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ual, NAVFAC P355.1, requires a probabilistic assessment of ground mo-
tion for design of essential structures. This report presents the basis for
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ogy to establish the background for the seismic hazard model developed.
The procedure uses the historical epicenter data base and available geo-
logic data, together with source models, recurrence models, and attenu-
ation relationships to compute the probability distribution of site accelera-
tion and an appropriate spectra. This report discusses the developed sto-
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CHAPTER 1
WHAT IS A SITE SEISMICITY STUDY?

INTRODUCTION

The objective of a seismicity study is to quantify the level and characteristics of ground
motion shaking that pose a risk to a site of interest. The approach taken in this work is to use
the historical epicenter data base in conjunction with available geologic data to form a best
estimate of the probability distribution of site ground motion.

This report presents techniques that have been automated into a procedure to compute:

"* Regional earthquake recurrence parameters

"* Regional probability distribution

"* Fault earthquake magnitude recurrence parameters

"* Probability distribution of site acceleration from each fault

"* Total probability distribution of site acceleration

"* Causative magnitudes and separation distances associated with acceleration

"* Response spectra based on site soil conditions and causative events

OUTLINE OF PROCEDURE

The procedures were developed as computer programs designed to run on standard
desktop DOS-based computers. System requirements include 640K of memory, a math
coprocessor chip, and a hard disk. A CDROM is required to use the recommended epicenter
data base.

The procedure consists of:

* Evaluating tectonics and geologic settings

"* Specifying faulting sources

"* Determining site soil conditions

0 Determining the geologic seismic slip rate data



* Specifying the epicenter search area and search of data base

"* Specifying and formulating the site seismicity model

"• Developing the recurrence model

"* Determining the maximum source events

"* Selecting the motion attenuation relationship

"* Computing individual fault/source seismic contributions

"* Summing the sources

* Determining the site matched spectra for causative events

This report will present a summary and discussion of the technology for each of the elements of
the analysis. A separate user's manual is available to assist in program use (Ferritto, 1993).

APPLICATION

The procedures were developed subject to the following limitations:

* The exposure period or life of the structure is 50 years.

* Return times of events of interest are not appreciably longer than about one in a
thousand years. This procedure is not intended to predict events such as the
10,000-year event with high accuracy.

REFERENCE

Ferritto, J.M. (1993). Seismic hazard analysis, Naval Civil Engineering Laboratory, User's
Guide UG-0027. Port Hueneme, CA, 1993.
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CHAPTER 2
EARTHQUAKE ENGINEERING FUNDAMENTALS

PLATE TECTONICS

The United States is located on the North American plate, the western portion of which
meets the Pacific plate. The interaction of these two plates is responsible for the high seismic
activity that has in the past and continues now to take place in the Western United States. Plate
tectonic theory has explained much of the geologic activity. Also explained in terms of plate
tectonic theory is the seismic activity experienced in the Central and Eastern United States. This
midplate activity can be very destructive.

Figure 2-1 shows a cross section of the earth. The lithosphere, composed largely of
basalt, extends to an average depth of about 100 km. Below the lithosphere is the asthenosphere
that extends to a depth of 400 km. Because its upper portion is partially molten, seismic velocity
in that region is decreased. The lithospheric platec are able to "float" on this plastic layer. Not
all of the asthenosphere is molten; however, there is a rigid portion.

Most seismic activity is located at plate boundaries and, therefore, boundaries are of
considerable interest. There are three major types of interaction between adjacent plates: (1)
spreading boundaries, (2) converging boundaries, and (3) transforming boundaries. Figure 2-2
illustrates the three kinds of boundaries.

GEOLOGIC FAULTS AND EARTHQUAKES

Since the San Francisco earthquake of 1906 and the subsequent work on the elastic
rebound theory of earthquakes, general agreement has been reached on the close relationship
between earthquakes and geologic faults. Most tectonic earthquakes that cause major structural
damage are associated with fracture on a fault. Plate motion causes stress in the earth's rock
crust. Earthquakes occur when the strength of the fault can no longer withstand the stress that
has built up. Fault plane solutions and earthquake mechanism studies have contributed to a
consistent picture of the earthquake generation process that satisfactorily explains most of the
observed facts.

A fault is a rupture in the earth along which opposite faces have been displaced. The
basic kinds of faults are illustrated in Figure 2-3 and are defined as follows:

1. Strike Slip. Strike is the direction along a fault, and strike slip refers to displacement
along this line. Right lateral or left lateral refers to the direction of movement of the opposite
side when one faces the fault.

2. Normal. A normal fault refers to movement of one side of the fault away from the
other, producing tension.
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3. Thrust. A thrust fault refers to movement of one side toward or over the other side
producing compression.

Most faults are combinations of strike slip and normal or thrust movement. The fault
plane itself can be curved and blocks can be rotated relative to each other, The fault trace is the
line of the fault along the ground surface. The strike of a fault is measured from north in
degrees. The dip of a fault is used to measure the slope of the fault plane with the S' face
(Figure 2-4).

Some misunderstandings have occurred, and perhaps some significant differences of
opinion, about the direct relationship between geologic faults and the earthquake hazard. There
is evidence dating from 1906 to suggest that destructive ground shaking is not necessarily at a
maximum in the immediate vicinity of the causative fault (Hudson, 1972). More often than not,
the maximum destructive ground shaking is miles from the fault, as explained by a number of
the features of the generation and propagation of seismic waves. Classical photographs of the
1906 major movements along the San Andreaz fault, for example, show horizontal surface
displacements of as much as 5 meters passing close to a small wood-frame house that received
no significant damage. Similarly, during the San Fernando earthquake of 9 February 1971, a
2-meter vertical fault scarp passed directly through a wooden barn just a short distance fromr, a
single-story residence. The barn was severely damaged, but no significant structural damage to
the house was noted (Hudson, 1972). The San Fernando earthquake also furnished numerous
examples of surface faulting passing through heavily populated areas. Although severe structural
deformation, with a resulting economic loss, occurred in numerous cascs catastrophic collapses
leading to loss of life and serious injury were not directly associated with these st rface breaks.
Hazardous collapses were in all cases the consequence of severe ground shaking, which iu
pervasive over a large area and is not limited to the vicinity of faults.

The focus or hypocenter is the point within the earth's crust where the initial rupture
occurs and from which the first waves are released. The projection of this point to the ground
surface is the epicenter. The epicenter and hypocenter do not necessarily indicate the center of
the total energy release of the earthquake, but rather the point where the seismic energy waves
were first created. For small earthquakes, the center of total energy release and the epicenter
are not far apart because the fault break length is short; however, this is not 'he case for large
earthquakes. The majority of earthquakes in the United State- have had relatively shallow focal
depths (0 to 40 Km). In California, earthquakes have occurred in regions where surface fault
patterns were clearly visible. In the Puget Sound area, earthquakes are focused at deeper
locations within the earth's crust so that a surface rupture is not observable. In the eastern
United States, the relationship to surface rupture in general has not been closely identified (Bolt,
1970; Newmark and Rosenblueth, 1971).

A fault undergoing tectonic creep, or one with abrupt displacement, causes changes inl the
terrain it crosses. Very distinctive patterns are produced where active faults cross streams, such
as landslides. The ongoing geologic process causes scarps, trenches, sag ponds, and stream
offsets. Figure 2-5 shows a landform with an active fault (Wesson, et al., 1975).

Estimates of the maximum size and frequency of earthquakes on a fault are based on the
geologically determined slip rate and the historic record of ground deformation (where available).
the seismic history of the fault and surrounding tectonic region, a geological evaluation of the
tectonic setting, and empirically derived relationships between earthquake magnitude and fult
length.
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SURFACE EFFECTS OF FAULT MOVEMENTS

When faults are considered, the assumption is commonly made that the cration of
entirely new faults by an earthquake is unlikely (Krinitzsky, 1974). Significant surface faults
and their activity can be fcund by proper geologic investigations. Cluff, Slemmons, and
Waggoner (1970) have studied the character of typical surface effects by faults. These are
illustrated in Figures 2-6 through 2-8, as reported by Krinitzsky (1974).

EARTHQUAKE MAGNITUDE

Engineers can define a design earthquake for a site in terms of the earthquake magnitude.
M, and the strength of ground motion. Factors that influence the selection of a design
earthquake are the length of geologic fault structures, the relationship of the fault to the regional
tectonic structure, the geologic history of displacement along the structure, and the seismic
history of the region.

The design earthqaake in engineering te. ms is a specification of levels of grourd motion
that the project is required to survive successfully with no loss of life and acceptable damage and
loss of service. A design earthquake on a statistical basis considers the probability of the
recurrence of a historical event.

Earthquake magnitudes can be specified in terms of a design level earthquake that can
reasonably be expected to occur during the life of the structure. As such, this represents a
service load that the structure must withstand without significant structural danwage or interruption
of a required operation. A second level of earthquake magnitude is a maximt,m cedible event
for which the structure must not collapse; however, significant structural damage can occur. The
inelastic behavior of the structure must be limited to ensure the prevention of collapse and
catastrophic loss of life.

The selection of a magnitude level may be based on:

1. Known design-level and maximumn-credible earthquake magnitudes associated w1ith
a fault whose seismicity has been estimated.

2. Specification of probability of occurrence for a given life of the structure (such
as having a W0 percent chance of being exceeded in 25 years).

3. Specification of required level ot ground motion as in a code provision.

4. Fault length empirical relationships.

Earthquake magnitude can be related to length of fault for shallow depth earthquakes. Dala have
been plotted by Seed, et al. (1969), Krinitzsky (1974), HLousner (1965), and T'cher (1958) to
provide the curves indicated (Figure 2-9). It is important to note that in some regions,
correlations of these types are of little value since many of the important geologic features can
be deeply buried by weathered materials.

Magnitude as measured on the Richter scale is calculated from a standard earthquake, one
which provides a maximum tract. daplitude of I gin on a standard Wood-Anderson torsion
seismograph at a distance of 100 kin. Magnitude is the log,() of the ratio of the amplitude o' any
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earthquake at the standard distance to that of the standard earthquake. Each full numeral step
it, the scale (two to three, for example) represents an energy increase of about 32 times.
Experience with past earthquakes is presently the only useful basis for relating fault length and
motion to magnitudes of associated earthquakes.

FAULT LENGTH AND EARTHQUAKE MAGNITUDE

A useful insight into the relationship between earthquake magnitude and length of
observed fault slippage is presented by lida (1965). He groups faults of all types and shows a
wide spread of points for which upper and lower boundaries are drawn. lida's wide spread of
values should be kept in mind when one considers the linear relationships that have been
suggested by numerous authors.

Fault movements L -low a magnitude of 5 are usually contained in the subsurface. It
active fault movement is found at a site, even short movement, it should be viewed as evidence
for an earthquake capability of greater than 5 (Krinitzsky, 1974).

It is important to note the spread in the data. Krinitzsky (1974) concludes, "Any fault
break in competent rock, no matter how small, should be taken as indicative of tile capability for
at least a 5.4 earthquake." It is important that the local seismic history and the behavior of other
anaiogous faults be considered.

Consideration should be given to the possibility of not identifying all bhe faults in a region
that may be active. This is especially true in the Central and Eastern United Jtates. To account
for this a "floating earthquake" (one that may be assumed capable of occurring anywhere in the
region) should be considered (Krinitzsky, 1974).

Mark and Bonilla (1977) evaluated data to develop relationships between surface fault
displacement and earthquake magnitude. More recent data by Coppersmith (1991) are shown
in Figures 2-10 and 2-11.

GEOLOGICALLY DETERMINED SLIP RATES

The offset of distinctive rock units establishes the rate of fault movement within fairly
wide bounds. Commonly these offsets average the rate of movement over millions of years, and
suddcji alip cannot be distinguished from creep. Data for the San Andreas fault suggest an
average slip rate of I to 2 cm/yr over the last 20 million years. But to predict movements in the
immediate future, the most recent hundreds to thousands of years are the most important
(Wesson, et al., 1975).

The history and rate of fault movement have been obtained within this brief time period
in a few special circumstances in scuthern California, using absolute age dating techniques.

Figure 2-12 is a simplified sketch of a trench wall showing vertical deformation of
initially flat-laying sediments and sedimentary contacts associated with predominantly horizontal
movement on the Coyote Creek fault of southern California (from Clark, et al., 1972). The
trench, dug shortly after the 1968 Borrego Mountain earthquake, crosses a branching break of
the fault zone along which about 50 mm of vertical displacement and about the same amount of
horizontal displacement took place during th• earthquake. Deposits at po)ints A. B, and C were
dated radiometrically. The verticAl displacement of the sedimentary contacts plotted ;,gainst the
age of the corresponding deposits yields an average rate of vetical deformation of about 0.5
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mm/yr for the past 3,000 years. This suggests a recurrence interval for earthquakes the size of
the 1968 event of about 200 years, Figure 2-13 (Clark, et al., 1972).

RECURRENCE INTERVALS FROM GEOLOGIC SLIP RATES

Wallace (1970) presented an approach that has been used by Lamar, et al. (1973). The
recurrence interval at a point can be estimated by:

Rx_ D (2-1)

where: D = displacement per seismic event
S = long-term slip rate
C = tectonic creep rate

S - C = average seismic slip rate

Lamar, et al. (1973) present the following quoted discussion:

"The following assumptions are made: (1) Slip on faults occurs incrementally
during earthquakes and will continue at the same rate as that determined from
geodetic data and offset of geologic units. (2) Elastic strain accumulates between
earthquakes; the displacement during an earthquake represents the release of this
accumulated elastic strain. (3) Tectonic creep is aseismic slip which reduces the
accumulation of elastic strain available for release during earthquakes.
... Recurrence intervals determined by [Equation 2-1] represent a long-term
average; there is however, evidence of significant local (Ambraseys, 1970) and
worldwide (Davies and Brune, 1971) time variations in the level of seismic
activity."

For most faults, creep can be evaluated. Therefore, as an expedient, Equation 2-1 is
simplified as:

RX = D (2-2)
S

Equation 2-2 is appropriate when the rupture length is large compared to the distance of the site
to the fault. When this is not the case, Equation 2-2 is multiplied by tile ratio of length of
rupture to total fault length to account for the spatial distribution.
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APPLICATION OF SLIP RATE TO COMPUTE RECURRENCE DATA

Lamar, et al. (1973) have investigated the occurrence data for six faults in the southern
California area. Their data are summarized in Table 2-1 and illustrate the concept. The
displacement, D, used in Equation 2-2 to calculate recurrence intervals at a given point on a fault
were derived from Bonilla and Buchanan (1970), except in the case of the White Wolf and Sierra
Madre faults. For these two faults historic displacements were available, and they deviated
significantly from the least-squares-fit curve for reverse faults.

Quoting from Lamar, et al. (1973):

"The determination of long-term slip rates and recurrence intervals provides a new
approach to earthquake hazard assessment. The results can be strikingly different
from those based on the historic earthquake record. For example, the ... Garlock
fault, which has not caused damaging historic movement, may have accumulated
sufficient elastic strain for a destructive earthquake. On the other hand, historic
ruptures on faults such as the ... San Fernando, have released [some] accumulated
elastic strain, so that a destructive earthquake [may be less probable] for the next
few hundred years [depending on the amount of strain release and buildup]. The
recurrence intervals in [Table 2-1] must be considered tentative and are subject to
revision as new information becomes available. For the most part, slip rates are
poorly known, and the curves relating magnitude to surface displacement and
rupture length are based on meager data with considerable scatter. More accurate
age-dates of offset strata on faults are needed, and additional studies following
earthquakes throughout the world are required to refine the empirical relations
between magnitude, surface displacement and rupture length. This research offers
the prospect of more quantitative assessments of earthquake risk."

Since the early work of Wallace (1970), more emphasis has been placed on use of
geologic data. The historic seismicity record in the United States and other areas is generally
too short to fully define the recurrence of particular individual faults for low probability events.
Fault slip rates derived from geologically defined intervals afford the cpportunity of spanning
several cycles of large earthquakes on a fault. Coppersmith and Youngs (1990) note that the best
geologic units for assessing slip rate for recurrence purposes are late-Quarternary or Holocene
units. Assessing slip rates over relatively young units will avoid averaging out long-term changes
in the slip rate from regional changes in tectonic stress.

SEISMIC MOMENT

Seismic moment has been used in conjunction with slip rate. Seismic moment, MO, is
a means of describing the size of an earthquake in terms of physical parameters:

Mo = IiArD (2-3)
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where: ps = rigidity or shear modulus (taken as 3 x 1011 dyne/cm 2)
Ar = rupture area on the fault plane

D = average displacement over slip surface

The total seismic moment rate can be estimated using the above formulation substituting the total
fault plane area and the average slip rate along the fault instead of the displacement. Thus, the
seismic moment rate provides a link between geologic data and seismicity. Seismic moment rates
determined from slip data can be compared with seismic moment rates based on seismicity data
(Youngs and Coppersmith, 1985).

Seismic moment, M., can be related to magnitude, m, as follows:

log MI = C m + d (2-4)

Hanks and Kanamori (1979) report that c 1.5 and d = 16.1 in California. The moment
magnitude, m, is considered equivalent to local magnitude when in the range of 3 to 7 and to
surface wave magnitude when in the range of 5 to 7.5.
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Table 2-1
Recurrence Intervals on Selected Faults in Southern California

(from Lamar, et al., 1973, edited by Southern California Section
of the Association of Engineering Geologists)

Recurrenc.e Recurrence

Slip Intervals (yr) at Intervals (yr) over
Fault Rate Length a Point on Fault Length of Fault

(cm/yI) (km) (Rý) (R,)

M6 M7 M8 M6 M7 M8

Northwest Trend Riaht-Slip

San Andreas (southern segment) 3 500 10 40 2000 0.3-1 3-10 40-100*

San Jacinto Fault System 0.3 440 100# 400# 2000 4-100 40-1000 400-I000

Whittier- Elsinore-Agua Caliente- 0.08 260 300 2000 6000 20-90 200-900 3(X)-60(X)
Laguna Salada

Northeast Trend Lefi-Slip

Big Pine 0.2 95 100 600* 3000 20-100 300-600* 3000

Garlock 0.8 250 30 200 600 2-10 30-90 300-600

Reverse and Thrust

White Wolf 0.04 53 1000 20000 4000 200-900 1000-2000* 400(

Sierra Madre Fault System 0.8 90 100* 3000 800 30-100" 100-3000 800

*Most likely, based on historic record.
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Figure 2-6. Damage associated with movement along strike-slip
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CHAPTER 3
EPICENTER DATA BASE

INTRODUCTION

The U.S. Geological Survey National Earthquake Information Center, Denver, Colorado
has produced "The Global Hypocenter Data Base" CDROM which contains parameters for more
than 438,000 earthquake events. Seven world-wide and 12 regional earthquake catalogs were
assembled to produce this data base, spanning a time period from 2100 B.C. through 1990.
Useful data for the United States is generally constrained to the period when instruments were
available to compute event magnitude. Each earthquake is detailed where data are available with
date, origin time, location, 4 magnitude estimates, intensity, and cultural effects.

DATA BASE SEARCHING

A computer program, EPIC, is available for searching the CDROM. EPIC makes data
available to information users via a user-defined search request. The request determines which
steps are necessary to produce the desired output. It includes a search method, combination of
search elements, and a destination output format, including:

"* Global

"* Rectangular grid

"* Circle

0 Irregular grid

Search elements include:

0 Date interval (year/month)

* Magnitude range

* Catalog selection

* Depth interval

* Intensity range

0 Magnitude range or intensity interval
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* Duplicate earthquake eliminator

"• Cultural effects (casual ities/damage)

"* Information (fault plane/moment tensor solutions)

"• Associated seismic phenomena (e.g., faulting, ground response)

An automated plotting package that produces seismicity maps in multicolor or
monochrome is incorporated into the EPIC software. The data to be mapped are extracted from
the selected data and plotted in a global or regional format. The map may be delayed or
cancelled at user's discretion.

The availability of the CDROM data base of epicenters and EPIC software greatly
facilitates creation of the historical epicenter subset required for use of the automated seismicity
analysis tools developed and presented in this report. Any data base can be used provided the
data are in the same format as the CDROM and EPIC data. Details are presented in the EPIC
user's manual, which will not be repeated here.

DATA BASE DISCUSSION

A number of data fields for some events are unfilled because the information is not
available. Information on cultural effects, intensity, and other phenomena associated with the
event has been included for earthquakes in the United States. This information has sometimes
been entered for non-United States earthquakes, particularly since May 1968, although significant
gaps still exist.

The quality of epicenter determinations varies significantly with the time period studied.
Before 1900, locations are usually noninstrumentally determined and are given as the center of
the macroseismic effects. Most instrumental epicenters prior to 1961, excluding local
earthquakes in California, were located to the nearest 1/4 or 1/2 degree of latitude and longitude.
Reliable information on the quality of many epicenter determinations is lacking. Beginning in
1960, epicenters have been determined by computer, and the accuracy is generally better.
However, although stated to tenths or hundredths of a degree, the location accuracy is usually
a few tenths of a degree. Since May 1968, the latitude and longitude values for most events
have been listed to three decimal places. This precision is not intended to reflect the accuracy
of the location of events except for local California earthquakes and special epicenter
determinations. Where several sources have determined an epicenter for the same earthquake,
one solution has been designated as the most reliable. Usually it is the source believed to contain
the best data set for the earthquake. In some cases, data from two sources were combined to
provide a more complete record.

Magnitudes from a number of different sources are included in the earthquake data file.
Gutenberg and Richter (1954) and Richter (1958) discuss the development of the magnitude
scale. Many magnitudes published by Gutenberg and Richter (1954) were later revised by
Richter (1958). The revised magnitudes are used in the file even though the source is identified
as Gutenberg and Richter (1954). The concept of earthquake magnitude is not restricted to one
value. Several definitions are possible, depending on which seismic waves are measured. Three
differcnt magnitude scales, BODY WAVE (MB), SURFACE WAVE (MS), and LOCAL (ML),
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are distinguished in this file. In addition, another data field, OTHER MAGNITUDE, was
included when it was unclear which scale was used. Richter (1958) and other modern
seismology references provide detailed discussions of this topic. The different scales do not give
exactly comparable results, and different values frequently are given for the same earthquake.
It is common practice to average the individual magnitudes from different stations to get a more
uniform value within each scale (MB, MS, and to a lesser extent ML).

In general, the file contains earthquakes of magnitude 4.0 or less only for the United
States region and for areas within dense seismic station networks. However, no claim is made
for the statistical homogeneity of these events. Inclusion of earthquakes of magnitude 4.0 to 5.0
also is influenced by the proximity of seismic stations to the source or epicenter.

A maximum intensity is listed for many of the earthquakes. Each is assigned according
to the Modified Mercalli Intensity Scale of 1931. Some of these values have been converted
from reported intensities on other scales.

CORRECTION OF EPICENTERS

Early records of earthquakes may show inaccurate epicentral locations. Also, magnitudes
or intensities may differ from values that would now be assigned. As an example, Krinitzsky
(1974) reports the following:

"The location of a listed earthquake of 15 May 1909 in southern
Saskatchewan is shown in [Figure 3-1]. It has a maximum intensity of VIII and
is the largest recorded event in this general area. Its location was made when
seismograph stations were few, and those that operated were far less accurate than
they are today. The intensity of VIII was assigned on the basis of the large felt
area. The event was checked by referring to the newspaper accounts of this time.
This was not too formidable a task. State archives, state university collections,
and national archives often have collections of local newspapers gathered in
central depositories. One may request microfilm copies of these papers for the
dates of interest, review them, and assign intensity values based on their
descriptions. This exercise provided intensities for more than 50 communities
though this was, and still is, a thinly populated area. The resulting iso-intensity
map shows there was no intensity VIII. The greatest was VI. Also, the region
of VI had its center to the east by about I degree from the NOAA location. In
[Figure 3-11, the revised location is shown in relaiion to three other earthquakes
of 1956, 1968, and 1972. Their locations were accurate to begin with because
of better instrumental capability. One is associated with a seismically interpreted
fault that also agrees with a geologically mapped fault. Its trend is toward the
three other events. Thus, the revised location for the 1909 event helps to interpret
a fault trend."

SEISMIC ARRAYS

Seismometers have been installed near known active faults to record microcarthquakes.
Figures 3-2 and 3-3 show the location of recorded microearthquakes for a year, and major fault
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zones in California. The events recorded range in magnitude from 0.5 to 1.5. The figures show
areas where the microearthquakes closely trace the faults. There are also regions where few
microearthquakes occurred. The San Andreas fault north of the Sargent fault exhibits less
activity than southern portions, perhaps indicating it is locked. However, sufficient
microearthquakes have occurred to show the continuation of the fault. It may be reasoned that
small failures might occur before a major rupture occurs; alternatively, the large number of
microearthquakes demonstrate active creep which may be sufficient to prevent sizable strain
accumulation and preclude a large event.

Since earthquakes are associated with faults, it might be thought that they should precisely
overlay the tault location. This is not the case because the distribution of seismometers is uneven
and has changed with time. There are limitations in the accuracy of the techniques used to locate
epicenters, principally from variations in the assumed propagation velocities. Further explanation
for the location of epicenters being off their associated fault comes from the simplified model
used to locate them. This is explained in Figure 3-4. Note that the center of earthquake energy
is located at the focus. For an inclined fault, the surface location (epicenter) is a distance
removed from the surface fault location. It is only in vertical faults that one might expect the
epicenter to lay on the fault.

Krinitzsky (1974) concludes that earthquakes can be related to existing faults and that the
possibility of formation of new faults should not be considered in design. Large earthquakes
require fault breaks of considerable distance. The uncertainties that occur in the association of
earthquakes with faults can occur only for small events. Generally, in the Western United States
the extent of geologic investigation precludes the omission of a large fault remaining unknown.
However, there are uncertainties associated with eastern earthquakes. For example, causative
faults responsible for the New Madrid earthquake of 1811 and 1812 have not yet been identified.
This may be the result of insufficient geologic investigations. The importance of considering the
extent and quality of geologic investigations is evident.

LIMITATIONS TO HISTORIC DATA

A period of demonstrated quiescence over a geological time period indicates inactivity of
the fault and probable continued inactivity. However, inactivity over a period of historic
recording (50 to 100 years) does not imply future inactiviy. Rather, it may point to a region
which is locked and through which a major fault rupture may propagate. A number of
earthquakes producing damage in southern California occurred on faults lacking historic activity.
Caution must be exercised to recognize that the accuracy of an incomplete data base is very
limited when extrapolated for return periods greatly exceeding the length of the period of
recorded data. Furthermore, aftershocks must be distinguished from main shocks. An area
having recently undergone a large event releasing strain built up for hundreds or thousands of
years is probably safe against a large release in the near future. Thus, a recent large cvent on
a fault might actually indicate safety in the immediate future, rather than an indication of
activity. A single event by itself cannot give an accurate measure of return time.

Krinitzsky (1974) is quoted below:

"In the United States the history of earthquake activity ' greatly truncated.
At best the record covers less than 350 years. This it does in very few places.
For most of the country it is about 150 years. This, however, is general
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earthquake history and not the record of movement on specific faults or in fault
zones. In other parts of the world the record for both earthquake history and
interpreted fault activity is better.

N.N. Ambraseys (1971).... has studied the record of damaging
earthquakes for the past two millennia in some portions of the Near East. [Figure
3-5].... shows the cumulative distribution during this time of damaging
earthquakes along (a) the Border Zone, which is a northeast-southwest trend of
faults that extends toward the Dead Sea along the border of Israel; and (b) the
Anatolian Zone that is roughly an east-west zone of faulting. It intersects with
the Border Zone. Ambraseys points out that during the first five centuries the
Border Zone was quiescent while the Anatolian Zone was active. For the
following six centuries the pattern was reversed only to be reversed again during
the eleventh century. In this case there is a factor of dependence of activity along
one zone on that of the other. The two join to encompass a miniplate, and
movement tends to shift from one side to another on a cyclical basis. This tends
to discredit the validity of probabilistic projections based only on a short history."

Also, as noted in Krinitzsky (1974), there are likely to be:

".... "variations in rates of slippage along various segments of any one long active
fault or fault zone. This is known to be the case along the San Andreas. During
its relatively short historic period, it was noted that major earthquakes moved
from place to place along the fault. Portions that once moved, notably the
segment that slipped during the San Francisco earthquake of 1906, have become
locked while slippages occurred elsewhere. [Figure 3-6] is a schematic statement
of variations in rates of slippage in inches per year.... The slippage is that which
has occurred during an interval of 60 years. Though this is instructive of
irregularities in the rates of movement, it is not intended as a guide to the future.
If anything, the future is very likely to be different. The segment between
Cholame and Camp Dix appears to be in a locked position. Stresses are building
up. One day this segment will rupture suddenly."
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Figure 3-2. Micro earthquakes indicating fault trend, see Figure 3-3
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Figure 3-3. Major fault zones in central california
(rom Krinitzsky, 1974).
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CHAPTER 4
ESTIMATING EARTHQUAKE RECURRENCE

EXPONENTIAL MAGNITUDE DISTRIBUTION

A fundamental step in the estimation of seismic hazard is the definition of recurrence
interval of possible earthquakes as quantification of site exposure. In 1954 Guttenberg and
Richter developed an exponential frequency magnitude relationship:

log N(m) = a - b (ila)

where: N (m) = cumulative number of earthquakes greatei ..ian m
a = constant
b = constant

Equation 4-la can be written in the form of an exponential distribution:

N (m) = exp (a -pm) (4-1b)

where: a = a ln(10)
p = b ln(10)

A lower bound, in,, can be selected as an arbitrary reference point. The following can be
developed:

N (m) = N (m,) exp (-(m-m,)) (4-2)

where: mI = arbitrary reference magnitude

Equations 4-1 and 4-2 are constrained by an upper limit magnitude associated with the capability
of a specific fault to generate such an event based on the fault's length and maximum rupture
possible. The physical limitations of an upper limit truncate the magnitude distribution.
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To estimate frequency with less error, a magnitude frequency relation in the form of:

log10 N(m) = a. + b, m + b2m 2  (4-3)

has been used. This quadratic form has an advantage of not overestimating the occurrence of
large events and avoids the discontinuity of the function from a truncated linear frequency
distribution.

Another generalized formulation of the Guttenberg-Richter relation is of the form:

InN(m) = A - Bexp(a m)

CHARACTERISTIC MAGNITUDE

Coppersmith and Youngs (1990) report that recent geologic studies of late quaternary
faults strongly suggest that the exponential recurrence model is not appropriate for expressing
earthquake recurrence on individual faults. Their studies suggest many individual faults tend to
generate essentially the same size or characteristic earthquakes having a relatively narrow range
of magnitudes at or near the maximum. This conclusion is based upon evaluating the amount
of displacement per event for studies of the Wasatch and south-central San Andreas faults. This
implies that earthquake recurrence does not conform to an exponential recurrence model but
rather one that has a variable b value. The type of geologic recurrence interval data developed
for the Wasatch and San Andreas faults are not generally available for most faults in the Western
United States. Fault slip rate data are required.

Youngs and Coppersmith (1985) note that when geologically derived recurrence intervals
for characteristic earthquakes are compared with relationships derived from seismicity data, a
marked mismatch occurs. The characteristic earthquake was found to include a band of events
of about one-half magnitude width. For events less than the characteristic event magnitude, the
exponential recurrence behavior was found to be a satisfactory representation. The increment
between the minimum characteristic magnitude and the portion of the recurrence curve showing
exponential behavior at recurrence rates greater than the rate for characteristic events is about
one magnitude in width. The magnitude range showing nonexponential behavior is about 1.5
magnitudes in width. Figure 4-1 shows the generalized function. To simplify application, Amc
is 0.5 magnitude units, m' is set at mu - Amc, and the value of n (mc) = n (m'-l).

EVENT RETURN TIME

The Poisson process has been used to describe earthquake occurrences and represents a
basic model with only a single parameter to define. A Poisson process is a continuous time.
integer-valued counting process with stationary independent increments. This means the number
of events occurring in an interval of time depends only on the length of the interval. The
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probability of an event occurring in the interval is independent of the history. The probability
distribution of the number of earthquakes is given by:

PN (nX.0 = e-It (10t) (4-4)
n!

where: PN = probability of occurrence of n events of a given magnitude range

I = mean rate of occurrences per unit of time t

The expected value of the numbers of earthquakes in time t is:

E(t) = It (4-5)

A characterization of the Poisson process is that the time between events is independent,
identically and exponentially distributed with a constant rate of occurrence, Xý. The density
function of the time between events is:

f(t) = X et (4-6)

A consequence of Equation 4-6 is the hazard rate for the Poisson process is constant. In general,
the hazard rate is defined as:

h(t) f(t) (4-7)
1-F(t)

where F(t) is the cumulative distribution function of the time between events. The quantity
h(t)dt is the conditional probability of an event occurring in (t, t+dt) given there are no events
in the interval (O,t). For the Poisson process,

h(t) = = . (4-8)
1 - (1 - eAt)

The constant hazard rate implies that the occurrence of an event in (t,t+dt) is independent of the
time since the last event. This means that whether an earthquake of size m just occurred or
whether there is a significant gap in events, the p-obability of an event occurring is independent
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of past history. Physically, the energy released during event m does not affect the reservoir of
stored energy available for subsequent events.

A significant advantage of the Poissan process is that i: is based only on the epicenter data
base. Thus, when additional information is lacking, it may be applied. Other models, as will
be discussed in subsequent sections, will require additional parameters which may not be
available, and will require substantial effort to acquire.

Weinbull Distribution

An impro"minent over the Poisson distribution is the Weinbull distribution suggested by
Chou and Fisher (1975):

P(t) = 1 - e (4-9)

where u and y are scale and shape parameters, respectively. Several methods are available to
estimate the parameters. The maximum likelihood method is recommended because it utilizes
the available information in the most appropriate manner. The shape factor y is estimated by
solving the general equation:

"r 1
E (t1 n ti)

- + ((lnti) - n = 0 (4-10)
Y jEi(tv)

i-l j

and the scale parameter g is obtained by equating:

n
"f (4-11)

i=l

where n is the size of the sample and ti is the time interval involved.
A graphical method of plotting historic earthquake data is very useful and widely used

in practice. A ntw random variable is introduced as Z = In tg.tt), and,

F(Z) = 1- e- (4-12)
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The list of earthquake occurrence data is arranged in groups of intensity or magnitude ranges.
Within each group of earthquake events of the same magnitude range, the data are o:-dered by
time intervals between occurrences, with the most frequent first. The plotting position of any
data point within a group is [t, lF(i) where t, is the ith longest time interval and.

F(i) - (4-13)
n+ I

where: i = position of the list; i.e., first, second, etc.
n = total number of events in the group

The parameters 4 and y are determined by the intercept and slope. respectively, of the plotted
data following the relationship:

Z, = In V + y In t (4- 14)

where t1 is the ith longest time interval and Z, is given by:

In In 1 .1  (4-15)1 - F (Z)J

or

lnln + d

When y = I, the Weibull distribution is equivalent to the Poisson distribution.

Seni-Markov Process

A Markov or serni-Markov process can be defined as a process in which the occurrences
of earthquakes make transitions from one range of earthquake magnitude to each of several other
ranges. The transitions are probabilistic and have a one-step memory and the probability of
moving to a given magnitude depends on the preceding magnitude. A semi-Markov process is
also characterized by a probabilistic holding time between successive transitions. The probability
that the holding time between two successive earthquakes is equal to a given value depends on
the magnitude of the two events.

The semi-Markov process is consistent with the physical understanding of the earthquake
process. That process consists of a gradual uniform accumulation and periodic release of
significant strain energy within short periods of time following an earthquake of large magnitude.

35



The occurrence of another such sized event at the same location is less likely. As the time
without occurrence of a large magnitude event increases, so does the probability of the
occurrence of such an event. The size of the next large event and the holding time to that event
are influenced by the amount of strain energy released in the previous event and the time during
which strain energy has been accumulating.

Definition of the semi-Markov model requires specification of the most recent earthquake
for a fault and the elapsed time since that event for various magnitude levels. Transition
probabilities for each magnitude to other magnitudes must be specified. A probability
distribution of holding times between the occurrence of two successive events must be
determined. The exposure time or period of interest must be specified.

Woodward Clyde (1982) describes development of such a model that uses a 1oisson
process for events below a specified magnitude and a semi-Markov process for events above that
level. This model requires a Bayesian approach for parameter estimation. The ability to use this
class of model depends on the ability to quantify input data. The Bayesian approach will be
discussed in the next section. The Markov process utilizes subsets of the epicenter data base for
earthquake occurrences. This analysis of windows into the data requires a large catalog of events
which are often not available. For this reason, semi-Markov models incorporate other
techniques.

Bayesian Process

One method that has been used to supplement data is the use of Bayes' Theorem.
Subjective information can be combined with historical data to develop parameters for a seismic
model. Since the time interval or holding times between large magnitude earthquakes may be
several hundred years, the historical seismicity data above are not sufficient to provide reliable
estimates of parameters for a semi-Markov model. A Bayesian procedure with both historical
seismicity data and subjective expert input has been used. From the seismicity data, estimates
of transition time can be made from statistical examination of the time interval of the magnitudes
of events which follow an event of magnitude mi for all increments of i. The holding times
between earthquakes of magnitude mi and m1 can be evaluated. Subjective expert input takes the
form of specification of fractiles of similar transition probabilities and holding times.

The Woodward Clyde (1982) study was done for a specific region. Obtaining data
required is a major impediment from general adoption of Bayesian techniques into an easily
useable general model for engineering applications.

Kiremidjian, et al. (1990) also developed a Bayesian procedure using a semi-Markov
model. They note that at plate boundaries there are two types of forces: relatively uniform
continuous tectonic forces and time-dependent forces from the asthenosphere. The coupling of
the two forces causes nonlinear stress accumulation. They developed a random slip stochastic
model to represent the nonlinear stress accumulation. To estimate the interarrival time
distribution, a Weibull distribution is used. The parameters for the distribution are difficult to
determine and subjective geophysical information is used to supplement the data. This model
has been applied to the Middle America Trench and again is not thought adaptable for general
engineering application.
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RENEWAL MODELS

A renewal process consists of a set of independent, positive random variables with
identical distribution. In a Poisson process, the sequence of arrival times is a renewal process
with exponentially distributed random variables. In a Markov process, the time between entry
to a fixed state form R renewal process. Whenever -n event occurs, thic process starts over. '1 his
process attempts to characterize the underlying physical process of strain buildup and release.

One approach using this process is to assume a Poisson process with a constant occurrence
rate over some time period. If an earthquake of the same set magnitude has not occurred during
this period, the rate of occurrence increases to a larger value. After an event, the rate decreases
to the original value.

Cornell and Winterstein (1988) describe a renewal model. A general analytical form for
the frequency-magnitude relation in the form of an approximate Weibull distribution is used:

InIN(m)l I a - [3 P(m - m,)] vI m 2m.tM (4-17)

where: a = In [N(mt)] reflects the recurrence rate of significant events, m,

Vm = (var [M]" 2/(E [M] - mr) is the coefficient of variation of M - m,

3 = 51

The log-linear relation of the Guttenberg-Richter law follows from Equation 4-17 when Vm -

1. The duration between events is not constrained to be exponentially distributed as implied by
the Poisson process. This permits inclusion of characteristic time or event models. There is a
dependence between time between events and the size of the last event.

The characteristic interevent time is represented by a Weibull model.
Anagnos (1993) developed a model using a Markov renewal process to describe

earthquake states. Since specific stress release data are not available, specific magnitude ranges
are selected and correlated with slip. It assumes stress builds up linearly at constant rate, and
change depends only on the present state. An associated semi-Markov process is used to
establish the duration of the visits to the states. Given that an earthquake of given magnitude
just occurred, the associated semi-Markov process enters a specific state and remains in that state
for some time until accumulated stress reaches a threshold level. The process then moves onto
ihe next state. Event probabilities are defined for each transition state. The stress release.
occurrence of an earthquake, and drop to another state are random events. The shape of the
release distribution is bared on the seismicity of the fault or region defined by the Guttenberg-
Richter frequency-magnitude relation. A characteristic repeat event may also be used to define
the magnitude distribution. A Weibull distribution is used to compute the holding time
distribution, which is the probability of the time to the next event. The mean and variance of
the Weibull distribution can be estimated from interarrival time data and slip rate data.
Probability of occurrence of an earthquake greater than a specific magnitude and the expected
number of events can be calculated using recursive relations for the associated discrete time semi-
Markov process.
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Appli. -:tit, i of this model requires specification of the lower-bound fault magnitude, mean
magnitude a.,,: associated standard deviation, and upper-bound magnitude. The parameters of
the Weibuli ,: i,ýt-'ibbtion for time to the next event must be established. This may be based on
data from a L-i :,quares regression analysis of magnitude, or must be developed for the specific
site. The time-p,. dictable model reflects the dependence on the time since, and the size of, the
last event. When the gap in event occurrence t)ecomes much larger than the mean interevent
time, the behavior of the process approaches a Poisson process. For small gaps, thc Poisson
process gives higher probability of occurrence estimates. However, if the gap is sufficiently
large, the Poisson model wiiE underestimate the hazard ftom future events. The time predictable
model exhibits a correlation bztween interevent time and the preceding magnitude level, although
both remain independent of subsequent magnitude. The time predictable renewal process gives
higher hazard predictions than, a simple renewal process.

DISCUSSION

The Poisson process has a distinct advantage in its ability to be used with available data
to characterize its single parameter. The independence assumptions associated with the Poisson
process do not permit it to characterize the underlying physical process of strain buildup and
release. The time dependencc, feature is lacking. It was found to be unconservative when a long
gap occurred since the last wvent occurred on a fault. Cornell and Winterstein (1988) give an
excellent evaluation of the limitations and applicability of the Poisson model. They studied a
broad set of models with temporal and magnitude dependence, including time and slip predictable
models. They considered agreement acceptable for engineering hazard studies when results
agreed within a factor of three for a 50-year time window and magnitude levels with annual
exceedance probabilities of 0.001 or less. According to Cornell and Winterstein (1988):

"The Poisson model has been commonly used for sevc~al reasons. These
include: (I) some successful comparisons of its predictions with observations....
(2) rather broad acceptance that, lacking evidence to the contrary, the model is not
unreasonable physically (especially for the less-than-the-largest events that may
govern hazard); and, more formally, (3) the fact that the sum of non-Poissonian
processes may be approximately Poisson. But perhaps most importantly, it is the
simplest model that captures the basic elements of the problem. ... .Significantly,
these parameters of the standard hazard model are those that the engineering
seismologist commonly estimates and is therefore best prepared to specify.
Should an alternative model be considered, questions arise, first, as to which
alternative model should be considered and, second, as to how in practice to
estimate both the additional model parameters and the initial conditions (e.g., size
and time of the last :ignificant event) upon which non-Poissonian prediction -nay
depend. Therefore, the practical application on non-Poissonian models requires
much more detailed knowledge of specific tectonic features. If the engineering
conclusions are not substantively different, the implied effort may not be justified.

Cases in which the Poisson estimate is insufficient are limited practically
to those in which the hazard is controlled by a single feature for which the elapsed
time since the last significant event exceeds the average time between such events.
Moreover, this situation creates a problem only if there is reason to believe that
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the fault displays strongly regular, "characteristic time" behavior. In particular,
;he Poisson estimate will generally be adequate if the mean interevent time
between significant events exceeds either the seismic "gap" (elapsed time since the

such event) or the length of the historical record, whichever is less. For
-,;,,,Ugly regular earthquakes, the mean gap length under random entry is roughly
half of the mean interevent time; therefore, this gap with higher than Poisson
hazard may be rather unusual in engineer;ihg design practice.

Finally, in many practical situations, two or more features will be
important hazard contributions at a particular site. In these cases, the combined
hazard is better estimated by the Poisson model than is the hazard from any single
feature."

Lomnitz (1989), in a discussion of the Cornell and Winterstein (1988) paper, makes the
following comment:

"Cornell and Winterstein found that the fit to the Poisson model improved
as the number of discrete sources increased. If there are two or more faults, "the
combined hazard is better estimated by the Poisson model than is the hazard from
any single feature." This result is not altogether unexpected. An elegant
theorem... proves that the sum of any number of random point processes tends to
a Poisson process. The larger the number of arbitrary component processes, the
better the Poisson fit.

Hence, it is not quite fair to state that the effects of temporal and
magnitude dependence "are ignored in the conventional Poisson earthquake
model" (Ccwrnell and Winterstein, 1988). The model is not that unsophisticated,

,.1e ,-" n process is a limiting process for the sum of many point processes -
I' ,hi exhibit time and magnitude dependence!

For example, the earthquake hazard in North China is governed by a few
ia,be faults, both on land and in the Gulf of Bo, plus an unknown number of
small faults. Tlac capital city of Beijing, which appears to be somewhat removed
from the major faults, may be adequately planned on the basis of a Poissonian
earthquake hazard (which in effect means that the ground conditions dominate the
hazard). But I would be concerned about applying the same criterion to a site on
the Tangshan Fault - event though a significant earthquake occurred on that fault
as recently as 27 July 1976."

For engineering hazard studies using the historical data base and available slip data, a
Poisson model may be used as a starting point. Geologic data should then be used to adjust
recurrence data computed from the historical data base. Characteristic event data can easily be
incorporated, and this should be done where required. This represents an "engineering" solution
for a range of studies where the exposure time is 50 years or less and the risk levels of interest
are in the range of 0.001. Studies where the risk range is 0.0001 require minre detailed analysis.
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CHAPTER 5
GROUND MOTION ESTIMATION

INTRODUCTION

This chapter will review ground motion attenuation equations which are used to determine
levels of acceleration as a function of distance from the source and magnitude of the earthquake.
The increased installation of strong motion data recording equipment has provided an
accumulation of earthquake records. Correlations have been made of peak acceleration with
distance for various events. These equations allow us to estimate the ground motion at a site
from a specified event and the uncertainty associated with the estimate. This estimation is a key
step in any seismic hazard analysis. There are a number of attenuation equations that have been
developed by various researchers. As the data set expands and more data points are available,
agreement among researchers improves.

JOYNER AND BOORE

Joyner and Boore (1988) developed an attenuation equation based on a regression analysis
of a carefully selected set of events. The events are restricted to moment magnitude, M, greater
than 5 and less than 7.7 and shallow fault rupture. Their equation is:

log y = a + b(M - 6) + c(M - 6)2 + d(log (r)) + k r + s (5-I)

r = (r 2 + h2)112

where a, b, c, d, k, s, and h are given in Table 5-1 for estimating quantities corresponding to
the randomly oriented horizontal component, and in Table 5-2 for estimating quantities
corresponding to the larger of the two horizontal components.

Tables 5-1 and 5-2 also give estimates of the standard deviation (a) of an individual
prediction of log y using the equations.
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CROUSE, ET AL.

Crouse, et al. (1984) developed the following equation for peak horizontal acceleration
and horizontal pseudovelocity response at 5 percent damping. It was developed from data
recorded at deep soil sites (generally greater than 60 m in thickness) during shallow crustal
earthquakes in southern California (Crouse 1984, 1987; Vyas, et al., 1988):

Iy=a bM + 2 (5-2)

hnay = a + b Ms + S + d ln(r + 1) +kr

where: y = peak horizontal acceleration (gal) or horizontal pseudovelocity response (cm/s)
Ms = surface-wave magnitude

r = closest distance (kin) from rupture surface to recording site

Coefficients a, b, c, d, and k are given in Table 5-3. Both horizontal components were
used so that the values of y predicted by Equation 5-2 correspond to the randomly oriented
horizontal component.

SADIGH, ET AL.

Sadigh, et al. (1986) developed an equation for peak horizontal acceleration and
horizontal pseudoacceleration response at 5 percent damping from data from the Western United
States supplemented by significant recordings of earthquakes at depth less than 20 km from other
parts of the world. Both horizontal components were used:

In y = a + b M + c1 (8.5 _ M),2 + d In [r + h, exp (h2 M)] (5-3)

where: y = peak horizontal acceleration (g) or horizontal pseudoacceleration (g)
M = moment magnitude
r = the closest distance (kin) to the rupture surface
a, b, ci, d, and hi are given in Table 5-4.

The values in Table 5-4 were derived for strike-slip earthquakes. To obtain estimates for
reverse-slip events, the strike-slip estimates should be increased by 20 percent. Sadigh, et al.
(1989) used additional earthquake data through 1988 to develop a set of coefficients for short-
period horizontal ground motion at rock sites in reverse-slip earthquakes (Table 5-5). Data from
both horizontal components were used in developing the equations, and the results apply to
reverse-slip earthquakes. The results should be reduced by 17 percent to give estimates for
strike-slip events and by 9 percent to give estimates for reverse-oblique slip events. The shape
of response spectra computed from Equation 5-3 does not change with distance for the
coefficients in either Table 5-4 or 5-5.
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DONOVAN AND BORNSTEIN

Donovan and Bornstein (1978) developed the following equation for peak horizontal
acceleration from the Western United States data. Both horizontal components were used:

y = a exp(b M) (r + 2 5 )d

a = 2,154,000(r)- 2 10  (5-4)

b = 0.046 + 0.445 log(r)

d = 2.515 + 0.486 log(r)

where: y = peak horizontal acceleration (gal)
M = any magnitude
r = distance (km) to the energy center, default at a depth of 5 km

Table 5-6 gives the standard deviation of the natural logarithm of an individual prediction of y.

CAMPBELL

Campbell (1987, 1989) developed equations for estimating peak acceleration, peak
velocity, and pseudovelocity at 5 percent damping. He used a worldwide data set including
earthquakes as recent as 1987 based on the following criteria:

"(1) the largest horizontal component of peak acceleration was at least 0.02 g; (2)
the accelerograph triggered early enough to record the strongest phase of shaking;
(3) the magnitude of the earthquake was 5.0 or larger; (4) the closest distance to
seismogenic rupture was less than 30 or 50 km, depending on whether the
magnitude of the earthquake was less than or greater than 6.25; (5) the shallowest
extent of seismogenic rupture was no deeper than 25 km."

Records from instruments on the abutments or toes of dams were excluded, as were records from
"hard-rock" sites and shallow-soil sites, which were defined as sites with I to 10 m of soil
overlying rock.

Campbell's (1989) equation is:
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1n y = a + bM + dIn [r + h, exp(ihM)

3 (5-5)
+ q F f, tanh [f2 (M + f3)J + g9 taxh(g 2 D) + EI K,

i=1

where: y = ground motion parameter of interest, the vertical component or the mean of two
horizontal components.

M = surface wave magnitude Ms if both local magnitude ML and MS are greater than
or equal to 6.0 or ML if both MS and ML are less than 6.0.

r the shorest distance (kin) to the zone of seismogenic rupture, identified from
spatial distribution of aftershocks, from earthquake modeling studies, from
regional crustal velocity studies, and from geodetic and geologic data.

D = depth to basement rock (km).

F and K are defined in Table 5-7.

Values for the coefficients of Equation 5-5 are given in Tables 5-8 and 5-9. Also given
in Table 5-8 are the values of the standard deviation of an individual prediction of In y. The
standard deviations are substantially less than those in Tables 5-1 and 5-2 after conversion from
natural to common logarithms. The shape of response spectra computed from Equation 5-5 does
not change with distance.

IDRISS

Idriss (1985, 1987) developed the following for the randomly oriented horizontal
component of peak horizontal acceleration:

Iny = lna +dln(r+20) (5-6)

where: y = peak horizontal acceleration (g)

M = surface-wave magnitude for M greater than or equal to 6 and local magnitude
otherwise.

r= closest distance (kin) to the source for M greater than 6 and hypocentral

distance otherwise.

a and d are given in Table 5-10.

45



Idriss proposed that peak acceleration be used to scale the response spectral shapes for different
site conditions with magnitude- and period-dependent correction factors. The shape of response
spectra computed by Idriss' method does not change with distance.

COMPARISON OF EQUATIONS

According to Joyner and Boore (1988):

"t.o to properly compare the different relationships, adjustments must be made for
the different definitions of distance. [Figure 5-1] compares peak horizontal
acceleration for the randomly oriented horizontal component at magnitude 6.5 as
estimated by Donovan and Bornstein (1978), Joyner and Boore (1988). idriss
(1987), and Campbell (1989). The definition of distance used in [Figure 5-1] is
the closest distance to the vertical projection of the rupture on the surface of the
earth. The curves of Donovan and Bornstein and Campbell were adjusted
assuming a source depth of 5 km. The curve shown for Idriss is that for deep soil
F'tes. The curve shown for Campbell is that for strike-slip earthquakes recorded
at free-field sites.

At short distances, where it matters the most, the different relationships
agree to within a fraction of the uncertainty of an individual estimate as given by
any of the authors. This suggests that the short-distance estimates at magnitude
6.5 are controlled by the data. The differences at large distances are not of much
practical importance."

Figure 5-1 gives the same comparison for magnitude 7.5. The agreement at short distance is not
as good as at magnitude 6.5, reflecting the scarcity of data points, but it is within the uncertainty
of an individual estimate.

From Figure 5-1, the Donovan and Bornstein equation yields an almost upper bound and
is a conservative estimate. This equation was selected for further study. Tue study included the
following attenuation equations:

1. McGuire (1978)

2. Trifunac and Brady (1975)

3. Campbell (west) (1982)

4. Campbell (east) (1982)

5. Donovan and Bornstein (1978)

6. Joyner and Boore (1988)

Figure 5-2 shows the attenuation relationships along with events selected from the catalog
of strong motion records cited by Chang (1978). Records on buildings and vertical records were
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excluded. As can be seen, there is significant scatter. The standard deviation in equation
prediction to date is given as:

Mean Standard
Equation Deviation* Deviation

McGuire -0.005 0.089
Trifunac and Brady +0.008 0. 105
Campbell (west) -0.059 0.111
Campbell (east) -0.041 0.101
Donovan and Bornstein -0.042 0.104
Joyner and Boore -0.056 0.111

*Minus = equation underestimates.

Another data set used by Joyner and Boore (1988) is shown in Figure 5-3. The mean and
standard deviations of the equations are:

Mean Standard
Equation Deviation* Deviation

McGuire +0.001 0.0901
Trifunac and Brady +0.076 0.1885
Campbell (west) -0.027 0.0936
Campbell (east) -0.013 0.0913
Donovan and Bornstein -0.014 0.0844
Joyner and Boore -0.021 0.0830

*Minus = equation underestimates.

The McGuire equation has the least overall bias. The standard deviations except for the
Trifunac and Brady equations are stati,,,ically about the same. From the above, t,.ere is little
difference between McGuire's equation and Donovan's equation.

The significance of selection of the earthquake attenuation equation is primarily in the
determination of separation distances. McGuire and Donovan, for example, define the
relationship in hypocentral distance; Trifunac and Brady in terms of epicentral distance; and
Campbell and Joyner aid Boore in terms of the closest distance io the fault. For risk analysis
of faults where the site tends to be located near one end of the fault, the selection of a
relationship based on the shortest distance will tend to give higher values. To illustrate the
significance of the attenuation relationship, a study was made of a site 0.5 miles from the
Hayward fault. Results for the 225-year return time are:

Joyner and Nx)re 0.535 g
Campbell 0.540 g
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McGuire 0.396 g
Donovan and Bornstein 0.382 g

The equations shown in Figure 5-1 represent the current consensus of top researchers in
• -xe field and show good agreement.

DATA FROM THE LOMA PRIETA EARTHQUAKE

The Loma Prieta, California earthquake of 17 October 1989 brought a significant addition
to the strong motion data base. Figure 5-4, with equations from Joyner and Boore (1988) and
Loma Prieta data, shows the larger of the two horizontal components of peak acceleration plotted
against the closest distance to the vertical projection of the rupture on the surface of the earth.
The solid curves in Figure 5-4 are Joyner and Boore (1988) for the larger of two horizontal
components for a moment magnitude of 6.9 (Kanamori and Heimberger, 1990), and the dashed
curves are the curves corresponding to plus and minus one standard deviation of an individual
estimate. The recorded data are plotted with different symbols for rock, alluvium, and bay-mud
sites. The values for the three site categories are factors of 1.6, 1.8, and 4.5 higher on the
average than the estimates from the equations, which were derived from a data set that included
rock and alluvium sites, but not bay-mud sites. The larger values for rock and alluvium may
represent ordinary earthquake-to-earthquake variability, but the values for bay mud clearly
represent a local site effect.

DISCUSSION

Table 5-11 summarizes the earthquake attenuation equations reviewed above. The
earthquake epicenter data base records a ,arface magnitude, a local magnitude, a body
magnitude, and another magnitude. There is uncertainty in each magnitude since events often
do not have all magnitudes established. Averages of the individual magnitudes from each station
are made to get a more uniform value. Specification of a moment magnitude would complicate
use of the existing epicenter data base. AlP the equations give similar values (Figure 5-I).
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TABLE 5-1. COEFFICIENTS IN THE EQUATIONS OF JOYNER AND BOORE
FOR THE RANDOMLY ORIENTED HORIZONTAL COMPONENT OF

GROUND MOTION
Period (s) a b c h d k 8 Vso e abogV

Pseudovelocity response (cm/s)

0.1 2.16 0.25 -0.06 11.3 -1.0 -0.0073 -0.02 0.28
0.15 2.40 .30 - .08 10.8 -1.0 - .0067 - .02 .28
0.2 2.46 .35 - .09 9.6 -1.0 - .0063 - .01 .28
0.3 2.47 .42 - .11 6.9 -1.0 - .0058 .04 590 -0.28 .28
0.4 2.44 .47 - .13 5.7 -1.0 - .0054 .10 830 - .33 .31
0.5 2.41 .52 - .14 5.1 -1.0 - .0051 .14 1020 - .38 .33
0.75 2.34 .60 - .16 4.8 -1.0 - .0045 .23 1410 - .46 .33
1.0 2.28 .67 - .17 4.7 -1.0 - .0039 .27 1580 - .51 .33
1.5 2.19 .74 - .19 4.7 -1.0 - .0026 .31 1620 - .59 .33
2.0 2.12 .79 - .20 4.7 -1.0 - .0015 .32 1620 - .64 .33
3.0 2.02 .85 - .22 4.7 -0.98 .0 .32 1550 - .72 .33
4.0 1.96 0.88 -0.24 4.7 -0.95 0.0 0.29 1450 -0.78 0.33

Peak accelerat'on (g)

0.43 0.23 0.0 8.0 -1.0 -0.0027 0.0 0.28

Peak velocity (cm/s)
2.09 0.49 0.0 4.0 -1.0 -0.0026 0.17 1190 -0.45 0.33

Reprinted from Joyner and Boore (1988) with permission from American Society of Civil Engineers

TABLE 5-2. COEFFICIENTS IN THE EQUATIONS OF JOYNER AND BOORE
FOR THE LARGER OF TWO HORIZONTAL COMPONENTS

OF GROUND MOTION
Period (s) a b c h d k 8 Vs0 e elogy

Pseudovelocity response (cm/s)

0.1 2.24 0.30 -0.09 10.6 -1.0 -0.0067 -0.06 0.27
0.15 2.46 .34 - .10 10.3 -1.0 - .0063 - .05 .27
0.2 2.54 .37 .11 9.3 -1.0 - .0061 - 03 .27
0.3 2.56 .43 - .12 7.0 -1.0 - .0057 .04 650 -0.20 .27
0.4 2.54 .49 - .13 5.7 -1.0 - .0055 .09 870 - .26 .30
0.5 2.53 .53 - .14 5.2 -1.0 - .0053 .12 1050 - .30 .32
0.75 2.46 .61 .15 4.7 -1.0 - .0049 .19 1410 - .39 .35
1.0 2.41 .66 .16 4.6 -1.0 - .0044 .24 1580 - .45 .35
1.5 2.32 .71 - .17 4.6 -1.0 - .0034 .30 1780 - .53 .35
2.0 2.26 .75 - .18 4.6 -1.0 - .0025 .32 1820 - .59 .35
3.0 2.17 .78 - .19 4.6 -1.0 .0 .29 1620 - .67 .35
4.0 2.10 0.80 -0.20 4.6 -0.98 0.0 0.24 1320 -0.73 0.35

Peak acceleration (g)

0.49 0.23 0.0 8.0 -1.0 -0.0027 0.0 028

Peak velocity (cm/s)

2.17 0.49 0.0 4.0 -1.0 -0.0026 0.17 1190 -0.45 0.33

® Reprinted from Joyner and Boore (1988) with permission from American Society of Civil Engineers
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TABLE 5-3. COEFFICIENTS IN THE EQUATIONS OF CROUSE
HORIZONTAL COMPONENT OF GROUND MOTION

Period (s) a b c d k C%

Pseudovelocity response (cm/s)

C.05 - 2.44178 0.84826 -0.02579 -0.52916 -0.00961 0.59914
0.10 - 0.61623 0.62660 - .00999 - .50106 - .01199 .68673
0.20 - 4.47801 2.00876 - .11673 - .32102 - .01423 .64716
0.40 - 1.35559 1.17453 -. 04411 -. 47398 - .00782 .62089

0.60 - 6.02161 2.66493 - .15619 - .52586 - .00548 .62275
1.00 - 5.89916 2.48235 - .13036 - .52261 - .00405 .62745
2.00 -11.48576 4.01914 - .23152 - .56791 - .00280 .63277

2.50 -12.33454 4.15828 - .23359 - - .56280 - .00320 .66459
4.00 -14.90528 4.54962 - .24999 - .32351 - .00738 .73830

6.00 -14.77796 4.33959 -0.23491 -0.20849 -0.00791 0.79595
Peak acceleration (g)

2.48456 0.73377 -0.01509 -0.50558 -0.00935 0.58082

Reprinted from Joyner and Boore (1988) with permission from American Society of Civil Engineers

TABLE 5-4. COEFFICIENTS IN THE EQUATIONS OF SADIGH
HORIZONTAL COMPONENT OF GROUND MOTION

M < 6.5 M > 6.5

Period (s) a b c, C2 d hi h2 aln hI h2 danV

Pseudoacceleration response (g) at soil sites

0.1 -2.024 1.1 0.007 2.5 -1.75 0.8217 0.4814 1.332 - 0.148M 0.3157 0.6286 0.37

0.2 -1.696 1.1 .0 2.5 -1.75 .8217 .4814 1.453-0.162M .3157 .6286 .40

0.3 -1.638 1.1 - .008 2.5 -1.75 .8217 .4814 1.486- 0.164M .3157 .6286 42

0.5 -1.659 1.1 - .025 2.5 -1.75 .8217 .4814 1.584 - 0.176M .3157 .6286 .44

1.0 -1.975 1.1 - 060 2.5 -1.75 .8217 .4814 1.62- 0.18M .3157 .6286 .45

2.0 -2.414 1.1 - 105 2.5 -1.75 .8217 .4814 1.62- 0.18M .3157 6286 .45

4.0 -3.068 1,1 -0.160 2.5 -1.75 0.8217 0.4814 1.62 - 0.18M 0.3157 0.6286 0.45

Peak acceleration (g) at soil sites

-2.611 1.1 0.0 2.5 -1.75 0.8217 0.4814 1.26- 0.14M 0.3157 0.6286 0.35

Pseudoacceleration response (g) at rock sites

0.1 -0.688 1.1 0.007 2.5 -2.05 1.353 0.406 1.332- 0.148M 0.579 0.537 0.37

0.2 -0.479 1.1 - .008 2.5 -2.05 1.353 .406 1.453 - 0.162M .579 .537 .40

0.3 -0.543 1.1 - .018 2.5 -2.05 1.353 .406 1.486 - 0.164M .579 .537 .42

0.5 -0.793 1.1 - .036 2.5 -2.05 1.353 .406 1.584- 0.176M .579 .537 44

1.0 -1.376 1.1 - .065 2.5 -2.05 1.353 .406 1.62- 0.18M .579 .537 .45

2.0 -2.142 1.1 - .100 2.5 -2.05 1.353 .406 1.62 - 0.18M .579 .537 .45

4.0 -3.177 1.1 -0.150 2.5 -2.05 1.353 0.406 1.62- 0.18M 0.579 0.537 0I,5

Peak acceleration (g) at rock sites

-1.406 1.1 0.0 2.5 -2.05 1.353 0,406 1.26- 0.14M 0.579 0.537 0.35

,Z, Reprinted front Joyner and Boore (1988) with permission from American Society of Civil Engineers
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TABLE 5-5. COEFFICIENTS IN THE ALTERNATIVE EQUATIONS

OF SADIGH ET AL.(1989) FOR THE RANDOMLY ORIENTED
HORIZONTAL COMPONENT OF SHORT-PERIOD

GROUND MOTION AT ROCK SITES IN REVERSE-FAULT EARTHQUAKES

Period (s) a 6 cl C2 d h, h2

Pseudoacceleration response (g) M < 6.5

0.1 0.218 1.00 0.006 2.5 -2.1 3.656 0.250 1.29 - 0.14M
0.2 0.418 1.00 -0.010 2.5 -2.1 3.656 0.250 1.31 - 0.14M
0.3 0.402 1.00 -0.023 2.5 -2.1 3.656 0.250 1.33 - 0.14M
0.5 0.181 1.00 -0.040 2.5 -2.1 3.656 0.250 1.35 - 0.14M
1.0 -0.409 1.00 -0.064 2.5 -2.1 3.656 0.250 1.36 - 0.14M

Peak acceleration (g) M < 6.5
-0.442 1.00 -2.1 3.656 0.250 1.27 - 0.14M

Pseudoacceleration response (g) M >_ 6.5
0.1 -0.432 1.10 0.006 2.5 -2.1 0.616 0.524 0.38
0.2 -0.232 1.10 -0.010 2.5 -2.1 0.616 0.524 0.40
0.3 -0.248 1.10 -0.023 2.5 -2.1 0.616 0.524 0.42
0.5 -0.469 1.10 -0.040 2.5 -2.1 0.616 0.524 0.44
1.0 -1.059 1.10 -0.064 2.5 -2.1 0.616 0.524 0.45

Peak acceleration (g) M > 6.5

-1.092 1.10 -2.1 0.616 0.524 0.36

Reprinted from Joyner and Boore draft U.S. Geological Survey paper In publication.

TABLE 5-6. STANDARD DEVIATION GIVEN BY DONOVAN AND BORNSTEIN (1978)
FOR THE NATURAL LOGARITHM OF AN INDIVIDUAL ESTIMATE

OF PEAK HORIZONTAL ACCELERATION
Peak acceleration 0.01 0.05 0,10 0.15
Standard deviation of

natural logarithm of 0.50 0.48 0.46 0.41
peak acceleration

Reprinted from Joyner and Boore (1988) with permission from American Society of Civil Engineers

TABLE 5-7. DEFINITION OF VARIABLES IN THE EQUATIONS OF CAMPBELL (1989)
Fault type F I reverse

0 strike-slip

Ki = I embedded buildings 3-11 stories
0 other

Building effects [ I2 = I embedded buildings greater than 11 stories
0 other

k3  1 nonembedded buildings greater than 2 stories0 other

Reprinted from Joyner and Boore draft U.S. Geological Survey paper in publication.
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TABLE 5-8. COEFFICIENTS IN THE EQUATIONS OF CAMPBELL (1989)

Period (s) a b h, h2  d q fi 12 f3 91 g2 0 y

Mean horizontal pseudovelocity response at 5 percent damping (cra/s)

0.04 -0.648 1.08 0.311 0.597 -1.81 0.382 0.42
0.05 -0.379 1.08 .311 .597 -1.81 .382 .44
0.075 0.251 1.08 .311 .597 -1.81 .382 .46
0.1 0.754 1.08 .311 .597 -1.81 .382 .48
0.15 1.424 1.08 .311 .597 -1.81 .382 50
0.2 1.788 1.08 .311 .597 -1.81 .382 .50
0.3 2.170 1.08 .311 .597 -1.81 .382 .50
0.4 2.009 1.08 .311 .597 -1.81 .382 0.425 0.570 -4.7 .50
0.5 1.930 1.08 .311 .597 -1.81 .382 0.685 .570 -4.7 .50
0.75 1.612 1.08 .311 .597 -1.81 .382 1.27 .570 -4.7 .50
1.0 1.268 1.08 .311 .597 -1.81 .382 1.74 .570 -4.7 -50
1.5 0.487 1.08 .311 .597 -1.81 .382 2.43 .570 -4.7 0.344 0.553 .50
2.0 0.040 1.08 .311 .597 -1.81 .382 2.83 .570 -4.7 .469 .553 .50
3.0 -0.576 1.08 .311 .597 -1.81 .382 3.17 .570 -4.7 .623 .553 .50
4.0 -0.766 1.08 0.311 0.597 -1.81 0.382 3.08 0.570 -4.7 0.857 0.553 0.50

Mean horizontal peak acceleration (g)

-2.470 1.08 0.311 0.597 -1.81 0.382 0.421.

Mean horizontal peak velocity (cer/s)

-1.974 1.34 0.00935 1.01 -1.32 0.327 1.16 0.0776 0.395

Vertical pseudovelocity response at 5 percent damping (cm/s)

0.04 -2.082 0.978 0.0536 0.674 -1.45 0.239 0.62
0.05 -1.634 .978 .0536 .674 -1.45 .239 .62
0.075 -0.903 .978 .0536 .674 -1.45 .239 .62
0.1 -0.488 .978 .0536 .674 -1.45 .239 .62
0.15 -0.125 .978 .0536 .674 -1.45 .239 .62
0.2 0.157 .979 .0536 .674 -1.45 .239 .62
0.3 0.356 .978 .0536 .674 -1.45 .239 62
0.4 0.188 .978 .0536 .674 -1.45 .239 0.214 0.546 -4.7 .62

0.5 0.038 .978 .0536 .674 -1.45 .239 0.435 .546 -4.7 .62
0.75 -0.035 .978 .0536 .674 -1.45 .239 0.719 .546 -4.7 .62
1.0 -0.448 .978 .0536 .674 -1.45 .239 1.37 .546 -4.7 .62
1.5 -1.287 .978 .0536 .674 -1.45 .239 2.18 .546 -4.7 0.344 0.553 .62
2.0 -1.580 .978 .0536 .674 -1.45 .239 2.36 .546 -4.7 .469 .553 .62
3.0 -1.741 .978 .0536 .674 -1.45 .239 2.24 .546 -4.7 .623 .553 .62
4.0 -1.975 0.978 0.0536 0.674 -1.45 0.239 2.46 0.546 -4.7 0.857 0.553 0.62

Vertical peak acceleration (g)

-4.003 0.978 0.0536 0.674 -1.45 0.239 0.569

Vertical peak velocity (cm/s)

-4.336 1.72 0.00594 1.14 -1.51 0.337 0.520

Reprinted from Joyner and Boore draft U.S. Geological Survey paper in publication.
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TABLE 5-9. ADDITIONAL COEFFICIENTS FOR BUILDING EFFECTS
!N THE EQUATIONS OF CAMPBELL (1989)

Mean horizontal component Vertical component
Period (s) I1 12 13 11 12 13

Pseudovelocity response at 5 percent damping (cm/s)

0.04 -0.180 -0.489 -0.392 -0.103
0.05 -0.180 -0.489 -0.083 -0.712 -0.264
0.075 -0.180 -0-489 -0.206 -0.582 -0.371
0.1 -0.180 -0.489 -0.197 -0,650 -0.370
0.15 -0.180 -0.489 -0.392
0.2 -0.180 -0A489 -0.392
0.3 -0.180 -0.489 -0.392
0.4 -0,180 -0.489 -0.347
0.5 -0.180 -0.489 -0.153
0.75 -0.180 -0.489 -0.347
1.0 -0.180 -0.219 -0M278
1.5 -0.180 0.074 0.284 0,619
2.0 -0.180 0.072 0.437 0.992
3.0 0.218 0.391 0.663 0.291 0.691 1.15
4.0 0.330 0.503 0.759 0.085 0.722 1.10

Peak acceleration (g)

-0.180 -0.489 -0.392
Peak velocity (cm/s)

0.366 0.3SF

Reprinted from Joyner and Boore draft U.S. Geological Survey paper in publication.

TABLE 5-10. PARAMETERS IN THE EQUATIONS OF IDRISS (1987) FOR

THE RANDOMLY ORIENTED HORIZONTAL COMPONENT OF PEAK ACCELERATION Wg

Rock and stiff soil sites Deep soil sites
M a d a d dIn y

4.5 606 -2.57 189 -2.22 0.70
5.0 617 -2.46 195 -2.13 .58
5.5 452 -2.28 147 -1.97 .48
6.0 282 -2.07 98 -1.79 .42
6.5 164 -1.85 61,6 -1.60 .38
7.0 91,7 -1.63 37.2 -1.41 .35
7.5 49.8 -1.41 22 -1.22 .35
8.0 28.5 -1.21 13.7 -1.05 .35
8.5 15.9 -1.01 8.4 -0.88 0.35

Reprinted from Joyner and Boore (1988) with permission from American Society of Civil Engineers
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Table 5-11
Comparison of Equations

Equation Magnitude Distance C Problems

Joyner & Mo Shortest 0.28 Range magnitude
Boore distance limited 5 to 7.5

Crouse Ms Shortest 0.58 Uses Ms
distance

Sadigh Mo Shortest 0.35 to Uses Mo
distance 1.26-0.14M

Donovan M Dist. to 0.4 to 0.5
hypocenter

Campbell ML/MS Shortest 0.421 Uses Ms and ML
distance

Idriss Ms Shortest 0.35 to Range limited
distance 0.70 M = 1.5 to 8.5

Mo = Moment magnitude
Ms = Surface magnitude
ML = Local magnitude
M = Any magnitude
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Figure 5-1.

Comparson of different relationships for peak horizontal acceleration at magnitude 6.5 (a) and 7.5

(b). DB, from Donovan and Bornatein (1978); 1. from 1driss (1987) for deep soil sites; lB, from Joynrer and Boort

(1982), reduced by 13 percent so as to approximate the value for the randomly oriented horizontal component- C. from

Campbell (1989) for a strike-slip earthquake recorded at a five-field site. For magntude 6.5 the curve from CambeU

is almost coincident with that from Joyner and Boore. The distance plotted is the closet distance to the vertical

projection of the rupture on the surface of the earth. The curves of Donovan and Bornstein and those of CampbeU

ar adjusted assumng a source depth of 5 km.

Reprinted from Joyner and Boore (1988) with permission from American Society of Civil Engineers
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CHAPTER 6
DEVELOPING A SEISMIC MODEL

INTRODUCTION

This chapter discusses the process of constructing a seismic model and, using data
presented in previous chapters, describes a new procedi.re for computing the probability of site
ground motion. As mentioned previously, our objective is to develop an engineering procedure
that will give results of sufficient accuracy to estimate site mot-on for events with return time on
the order of 1,000 years. As an engineering procedure, it is intended to use historical data and
geologic data where available. Procedures fiat require panels of experts or extensive geologic
investigation are not considered practical or feasible for limited scope engineering investigations.
Nonetheless, given that such data exist, the conclusions regarding seismic activity should be
useable.

BUILDING A SEISMIC SOURCE MODEL

As noted by Coppersmith (i991), many elements of seismic source characterization
depend on the tectonic environrr 2nt. In the Western United States, the tectonic environment is
such that earthquakes are associated on known faults. However, in the Eastern United States,
the causative geologic structures are generally not known. A seismic model must be based on
the knowledge of the local area. It can conmist of an area source zone for eastern sites or a
detailed fault definition region for western sites.

In the Western United States, it is recognized that lrge earthquakes are associated with
faults. For a magnitude 8 event, a rupture of 200 miles is required to release that level of
energy. A 200-mile fault exhibits visual evidence of its existenc( and is unlikely to remain
undiscovered. It is possible for lower magnitude events that reql'ire cot siderably less fault
rupture to occur on faults lacking recent evidence of activity, or on faults that have not been
identified.

Where faults are identifie, as sources, the area contained within the source zone is
defined to have relatively uniform seismic potential in terms of maximum magnitude and event
recuirence. A fault is modeled as a line source encompassing a distance or region surrounding
the fault, such that the activity of this region can be associated with events on the fault. Where
a fault exhibits variations of activity along its length, it can be divided into subelements
containing regions where activity is uniform.

For the procedures developed here, a fault consists of two line segments defined by three
points. The events to include or associate with the fault are defined by specification of a distance
from the fault line, such that all those events within the distance are grouped with the fault.
Alternatively, a region can be designated by four points to bound the fault. Again, note a fault
can be divided into pieces where activity or geometry so dictates.
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In the Western United States. it is recognized that large earthquakes are associated with
faults. For a magnitude 8 event, a rupture of 200 miles is required to release that level of
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undiscovered. It is possible for lower magnitude events that require considerably less faUlt
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identified.
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containing regions where activity is uniform.

For the procedures developed here, a fault consists of two line segments defined by three
points. The events to include or associate with the fault are defined by specification of a distance
from the fault line, such that all those events within the distance are grouped with the fault.
Alternatively, a region can be designated by four points to bound the fault. Again, note a fault
can be divided into pieces where activity or geometry so dictates.
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GEOLOGIC SLIP-BASED RECURRENCE

Chapter 2 presented procedures for calculating recurrence based on the geologic slip rate
data. Once the seismicity is estimated from the historical data, the geologic data can be
compared. The procedure allows the user to adjust the A and B values replacing the historical
data values with values based on the longer span geologic data.

Should other studies be available, the results of these individual fault studies can be used
here by adjusting the recurrence parameters.

CHARACTERISTIC MAGNITUDE

As discussed in Chapter 4, geologic data may show the presence of history of a
characteristic event at some average return time. The seismicity defined by the historical data
fails to capture this activity, so it is important to include it within the set of events developed for
the fault. Once the size of the event and the effective average return time is defined, it becomes
a simple task to randomly add these events into the magnitude list of events. Again, if studics
with more advanced models are available to define temporal distributions, that data can be used
here.

COMPUTATIONAL PROCEDURE

In Chapter 4, various approaches were presented to determine the probability of
earthquake occurrence. As shown above, various amounts of data are required, some of which
are beyond the scope of an engineering investigation. A new approach was taken in the
formulation of a Monte Carlo simulation procedure. The procedure uses the fault model and
regional model discussed earlier in this chapter, together with the recurrence procedure. As
stated above, the A and B parameters combined with geologic slip rate data and characteristic
magnitude form the basis for the recurrence function.

Once the recurrence function for a fault is defined, the magnitude distribution can be
computed. The process is done for each fault individually. A list of 5.(XX) events representing
the largest magnitudes expected to occur in 50,000 years is computed. For each magnitude, a
fault break length is determined using data by Coppersmith (1991 ). A random epicenter location
is selected along the fault. The flault break is then assigned to the random epicenter. Various
distances are computed, such as epicentral distance, hypocentral distance, and closest distance
of fault break to site. The choice of distance depends on the acceleration attenuation equation
chosen by the user.

Using the magnitude and separation distance, a site acceleration and standard devialion
are computed. A random -cceleration is then determined. Associated with each acceleration is
the causative event and distance. The process is repeated 5,0XX) times for each fiault. The
random fault data are then combined for a total site probability distribution.

The procedure described above has the advantage that historical data rc arugmented w1ith
available geologic slip data. Where characteristic events are defined. they may be easily

incorporated at the appropriate return time. The effective nonlinear recurrence function attempts
to capture the temporal characteristics of the data without complex estimates of Nlarkov or
Bayesian parameters.
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CHAPTER 7
RESPONSE SPECTRA AND ANALYTICAL TECHNIQUES

SPECTRA

Engineers have found it useful to examine the frequency content of earthquake-induced
ground motion. Strong motion accelerograms have been analyzed as a means of obtaining
further insight into ground motion.

The first technique available is Fourier analysis. The Fourier spectrum of an acceleration
shows the significant frequency characteristics of the recorded motion. The Fourier spectrum
is defined as:

T

F(w) = f z(t) e-'- dt (7-1)

0

over the interval O <t<T. The acceleration is zero outside the limits 0 to T. The Fourier
amplitude spectrum is given by the square root of the sum of the squares of the real and
imaginary parts of F(w). Associated with the magnitude F(w) is the phase angle p(w), defined
as the arc tangent of the imaginary part divided by the real part. Units of the spectrum reflect
the time integration; thus, for an acceleration in ft/sec2, the spectrum magnitude will be in feet
per second and the phase angle will be in radians. The Fourier spectrum magnitude and phase
angle represent only the input motion. Through convolution this may be combined with transfer
functions for other elements (such as soil structure interaction) assuming elastic behavior. The
Fourier spectrum magnitude and phase are a complete record that is unique and maintains the
total time history record. The time history record may be recreated by reverse transformation.
Generally, only the magnitude of the Fourier spectrum is shown in reference illustrations.

In earthquake engineering it is important to be able to determine the magnitude of
maximum response of a structure. This has given rise to the response spectra technique. A
single-degree-of-freedom, spring-mass-damper system can be analyzed and its time history of
displacement calculated to determine relative displacement between the mass (the structure) and
the excited base (the ground). Relative velocity and relative acceleration may also be calculated.
However, of primary interest for engineering applications is the maximum absolute values of
structure relative-displacement, structure relative-velocity, and absolute structure acceleration.
These values SI), SV, SA are functions of the critical damping. Plots of SI), SV, SA versus the
undamped natural period of vibration and for various fractions of critical damping are called
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response spectra. In typical engineering structures the damping is small and for harmonic
excitation the following holds:

SD = (T)SV

(7-2)
27t

SA = (-)SV
T

For earthquake-like excitations that are not strictly harmonic excitation, an engineering
assumption is made that the above is still accurate. The following definitions are used:

PSV 2(nT)SD
T

(7-3)

PSA E ( 2 n)2 SD
T

where PSV is the pseudo-relative velocity and PSA is the pseudo-absolute acceleration. The term
"pseudo" is used to recognize the assumptions made concerning small damping and harmonic
motion. Thus, SD, PSV, PSA, and T make up a set of data; knowing any two makes it possible
to determine the other two. This unique relationship makes it possible to plot response spectra
in tripartile form. The response spectra shows the response of a single-degree-of-freedom system
(structure) as a function of damping of the system and period for the given input acceleration.

A comparison of Fourier and pseudo-velocity response spectrum reveals that both are of
the same units. For an undamped oscillator, a similar mathematical relationship exists between
the Fourier amplitude spectrum and exact relative velocity response spectrum. (The Fourier
spectrum may be viewed as the maximum velocity of the undamped oscillator in the free
vibration following the earthquake; however, the exact velocity response spectrum is the
maximum velocity durii:g both the earthquake and the subsequent free vibration.)

The Fourier amplitude spectrum is the quantity most frequently used by seismologists in
their investigations of the earthquake ground motion. The response spectrum is generally used
by structural engineers in the design of structures. Generally, the pseudo-velocity response
spectrum is the upper envelope of the Fourier spectrum.

In summary, the most representative measure of the driving ground motion is the Fourier
spectrum, which may be plotted in tripartile form. The response spectrum gives the response
of a single-degree-of-freedom structure to the ground motion. Amplification of motion occurs
where resonant components of motion interact with the structure. The response spectrum is most
widely used in structural engineering with the modal analysis technique. This approach
determines the eigenvalues and mode shapes for a number of the modes of structure, and using
the modal period determines the acceleration to be used in computing an equivalent maximum
static force to bc applied to the structure. A responls spectrum cannot be used direc:ly as inpui
to a dynamic structural analysis to generate a time history response because the response
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spectrum does not contain a measure of the duration of excitation. The Fourier spectrum does
contain the full earthquake representation and may be used in conjunction with transfer functions
to compute the structure response. This technique is not used in general structural engineering
because of the difficulty in determining the transfer function. The more common structural
analysis techniques that produce dynamic time histories of response require input acceleration
histories. Random analysis programs exist to generate time histo ies from a given spectral
envelope; however, the duration must be specified. The resulting randomly generated signal is
not unique, and any number may be generated from a single spectral envelope.

Time history records of actual earthquakes are available from the California Institute of
Technology National Earthquake Information Center. These may be used when required for time
history input of ground motion. Care is needed in selection since most records are recorded in
structures that may influence the recording. Also, the region around the site may influence the
site response. The propagation of seismic waves is influenced by the local geology and soil
conditions. The greater the extent of softer soils over bedrock, the less the boundary effects of
the bedrock will have on the site. The depth of soil overlaying bedrock affects the period of
vibration of the ground. This establishes a fundamental soil frequency of particular importance
on soil-structure interaction. Further, this is a factor in determining the frequencies of waves
filtered out by the soil, thus directly affecting the time history record.

SITE-INDEPENDENT SPECTRA

Based on studies of response spectra, Newmark (1970) noted that response spectra could
be related to peak ground acceleration, velocity, and displacement. From this study it was
possible to develop standard shapes for use in structural analysis. The standard ground motion
spectra (defined as 1g, 48 inches/second, 36 inches) could be scaled, based on peak horizontal
ground acceleration expected at the site. Figure 7-1 gives amplification factors that could then
be applied to estimate structural response.

McGuire (1977) also demonstrates ratios of damped spectra. He found that the 5 percent
damped pseudo-velocity spectra have value approximately 70 to 80 percent of the 2 percent
damped spectra and that the 10 percent damped spectra have values of approximately 55 to 65
percent of the 2 percent damped spectra. These ratios are constant throughout frequency range
independent of the type c" earthquake distance from site and magnitude. This confirms the
Newmark-Hall (1969) approach, Newmark, et al. (1973).

At a frequency of about 6 cps, the amplitude acceleration region line intersects a line
sloping down toward the maximum ground acceleration value and intersecting that line at various
frequencie-,, depending on the damping. The intersection is at a frequency of about 30 cps for
2 percent damping. These lines are designated as the acceleration transition region of the
spectra. Finally, beyond the intersection with the maximum ground acceleration line, the
response spectrum continues with the maximum ground acceleration valte tfr higher frequencies.

The spectra so determined can be used as design spectra for elastic responses. The
spectra arc completely described when the maximum ground motion values arc given for the
three components of ground motion, and the damping is known. When only the maximum
ground acceleration is given, the values used for maximam ground velocity and displacement are
taken as proportional to those in the Figure, or as scaled by the same scale factor relative to the
maximum ground acceleration compared with it.
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An assumption is made that acceleration, velocity, and displacement values are
proportional to one another, independent of magnitude of motion. The shape is thought correct
for sites on firm ground, soft rock, or competent sediments. However, for soft sediments, the
velocities and displacements must be increased. Garcia and Roesset (1970) performed studies
comparing actual spectra with those estimated by the Newmark-Hall procedure. Results show
favorable comparison indicating the utility of the Newmark-Hall procedure.

Vertical spectra may be estimated by taking two-thirds of the horizontal spectra when
fault movements are horizontal and by taking horizontal spectra when large vertical motions are
expected.

Newmark (1970) has studied the response of elasto-plastic systems; one set of results
shows the response of an elasto-plastic system to the El Centro earthquake. For low frequency
systems, the total displacement varies approximately inversely with the ductility factor. In a high
frequency (stiff) structure, the mass acceleration approaches the driving ground acceleration.

The following generalizations were developed by Newmark (1970):

1. For low frequency systems, the total displacement for the inelastic system is the same
as for an elastic system having the same frequency.

2. For intermediate frequency systems, the total encrgy absorbed by the spring is the
same for the inelastic system as for an elastic system having the same frequency.

3. For high frequency systems, the force in the spring is the same for the inelastic system
as for an elastic system having the same frequency.

Newmark (1970) has outlined a method for selecting the response spectrum to use (Figure
7-2):

"The elastic spectrum, designated by the symbol 4u = 1, for displacement
and acceleration (D and A) represents slightly amplified values, corresponding to
an elastic response spectrum for the ground motion considered. The curve
marked D for g = 5 is the displacement spectrum for a ductility factor of 5, and
the curve marked A for jL = 5 is the acceleration or force spectrum for the same
conditions. These are drawn so as to conserve displacement on the left-hand side,
force on the right-hand side, and energy in the central part. An elastic analysis
made for the reduced acceleration spectrum therefore would correspond to the
ductility values derived for the conditions described. The relations between the
various bounding lines in [Figure 7-2], for an elasto-plastic resistance function,
are the same and the acceleration is one-fifth as much for the elasto-plastic
spectrum as for the elastic spectrum. Along a constant velocity line, the
displacement is five-thirds as great and the acceleration one-third as great for the
elasto-plastic spectrum compared with the elastic spectrum. Finally, along a line
of constant acceleration, the displacement is five times as great and tihe
acceleration value is the same as the value for elastic response."

The elastic spectrum discussed above may be adjustcd to approximate inelastic behavior
of a structure. The displacement region and the velocity region are divided by the structure
ductility t4 to obtain yield displacement I)' and velocity V lFigurc 7-3). The acccleration region

08



(right side) is relocated by choosing it at a level which corresponds to the same energy absorption
for elasto-plastic behavior as for elastic for the same period of vibration.

The extreme right-hand portion of the spectrum, where the response is governed by the
maximum ground acceleration, remains at the same acceleration level as for the elastic case and,
therefore, at a corresponding increased total displacement level. The frequencies at the corners
are kept at the same values as in the elastic spectrum. The acceleration transition region of the
response spectrum is now drawn also as a straight line transition from the newly located
amplified acceleration line to the ground acceleration line, using the same frequency points of
intersection as in the elastic response spectrum.

In all cases, the "inelastic maximum acceleration" spectrum and the "inelastic maximum
displacement" spectrum differ by the factor g at the same frequencies. The design spectrum so
obtained is shown in Figure 7-3. Both the maximum displacement and maximum acceleration
bounds are shown for comparison with the elastic response spectrum.

The solid line DVAAo shows the elastic response spectrum. The heavy circles at the
intersections of the various branches show the frequencies that remain constant in the construction
of the inelastic design spectrum.

The line D'V'A'Ao shows the inelastic acceleration, and the line DVA"A0 shows the
inelastic displacement. These two differ by a constant factor g for the construction shown, but
A and A' differ by the factor 2 ) - 1, since this is the factor that corresponds to constant
energy.

A study by Newmark and Riddell (1979) investigated the response of elasto-plastic
systems to numerous earthquake records. Based on this effort, the preceding work was found
to be unconservative for damping larger than 5 percent and for ductilities greater than 3.

SITE-MATCHED SPECTRA

The data base of strong motion records can be a useful source of seismic data. Records
may be selected to represent seismologic, geologic, and local site conditions. Selection is
complicated by a number of factors. Ideally, the records should be selected to match source-site
transmission path, source mechanism, and local site conditions. These are not readily
quantifiable. Thus, reliance is made on earthquake magnitude site acceleration level, site
classification, and duration of motion. Judgment is an important factor in selecting and scaling
records.

Ferritto (1992) describes a desktop computer program for computing optimized earthquake
time histories and response spectra. The program has the data base of about 1,000 records
provided by the National Oceanographic and Atmospheric Administration. The user may select
specific records and obtain time histories and spectra or may specify a ground acceleration level,
site distance, and magnitude and the program will search the data base and provide the user with
a list of the closest matching records. The user may then combine a number of spectra and
obtain average, average plus one standard deviation, and envelope spectra.

It is suggested that site-matched groups of spectra be used to develop the mean and mean-
plus- 1-standard-deviation spectra. These should be compared with standard spectral shapes and
typical results for soft, intermediate, or rock sites to denote regions where the spectra may be
deficient. This is particularly important for Eastern sites since the spectra are recorded in the
West. Significant variations in attenuation have been noted between Western and Fastern ground
motion.
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The same nominal ground motion level can be produced by different magnitude
earthquakes at different distances. As an example of this, a nominal ground motion of 0. 15 g
was caused by the following earthquakes:

Separation
Earthquake Magnitude Distance

(miles)

A 5 14
B 6 18
C 7 30

Using response spectra programs, the closest matching ten spectral records for each earthquake
(intermediate soil class) were used to generate average and maximum spectra (Figurc 7-4). Each
spectrum represented the characteristics of the magnitude and separation distance.

In the response spectra program, the closest matching ten spectral records for each
earthquake (intermediate soil class) were used to generate average and maximum spectra (Figure
7-4). Each spectrum represented the characteristics of the magnitude and separation distance.

The response spectra data base and accelerograms have been categorized by soil site
conditions: alluvium, intermediate, or rock. It was of interest to evaluate this effect on the
response of the structure. Ten spectra of each site type for a magnitude 6.6 event at 20 miles
having a 0.15 g nominal ground motion were combined to produce average and maximum
spectra (Figure 7-5).

Two alternative procedures used to determine site specific ground motion arc as follows.

Surface Motion

This technique utilizes attenuation relationships based on surface motion. The computed
motion is then used as a scaling value for the response spectra. The specific response spectrum
may be based on a group selected for similar site properties or a spectral shape determine(] by
researchers to be applicable to specific site conditions.

Bedrock Motion

This technique utilizes an attenuation relationship based on bedrock motion. The motion
may be brought to the surface either from empirical data or by use of wave propagation
computation programs.

An automated-analysis technique, widely used today for treating horizontal soil layers,
has been developed by Schnabcl, Lysiner, and Seed (1972), based on the one-dimensional wave
propagation method. This program, SHAKEI, can compute the responses for a given horizontal
earthquake acceleration specified anywhere in the system. The atialym;ls incorporatcs Tionlinear
soil behavior, the effect of the elasticity of the base rock, and varible damnping,, It computcs
the responses in a system of hioniogeneous viscoelastic layers of infinite horizontal exlci,:, subjcct
to vertically traveling shear waves. The program is based on the cont in tlw, solution of the wave
equation adaptc( for use with transient motions Ih rough tle I:v,1 Fomier lrani'frn algorilhu1.
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Equivalent linear soil properties are obtained by an iterative procedure for values of modulus and
damping compatible with the effective strains in each layer. The following assumptions are
made:

1. The soil layers extend infinitely in the horizontal direction.

2. The layers are completely defined by shear modulus, critical-damping ratio, density,
and thickness.

3. The soil values are independent of frequency.

4. Only vertically propagating, horizontal shear waves are considered.

The soil model is similar to that developed by Seed and Idriss (1970), using data similar
to Hardin and Drnevich (1970). The absolute range of soil parameter variation may be stipulated
by merely inputting factors whose numerical values may be derived from simple soil strength
properties. These strength properties may be the undrained shear strength of a clay or the
relative density for sands. The program requires the definition of the soil profile down to
bedrock (defined as seismic velocity 2,500 ft/sec) as well as an earthquake time history record
in digital form.

The motion used as a basis for the analysis can be given in any layer in the system, and
new motions can be computed in any other layer. Maximum stresses and strains, as well as time
histories, may be obtained in the middle of each layer. Response spectra may be obtained and
amplification spectra determined.

Using the site soil properties, a one-dimensional wave propagation analysis was
performed. The time histories of the records selected were used in the one-dimensional analysis.
The ground motion was applied to the surface. The average shear velocity of the site was 125
m/sec with a natural period of 1.7 seconds. The site responded as anticipated, as a deep, soft
site showing attenuation of the acceleration. The surface motion (input at 0.5 g) was increased
to about 1.0 g at a depth of 57 meters. The site attenuated bedrock motion by a factor of about
two. This is in general agreement with empirical data.

Figure 7-6 shows input surface response spectrum and computed bedrock response
spectrum. The bedrock spectrum has its peak value at a period of 0. 13 second. The shape of
this spectrum, location of peak value, and relative magnitudes are very much in agreement with
standard spectral data based on records recorded in rock sites. The soil layer responds as a filter.
Thus, it is also possible to generate surface motion using a scaled rock-site spectrurn as input.
The magnitude of the spectra would be based on attentuation relations developed for rock.
Figure 7-7 gives a flow chart of two approaches for determining an average surface response
spectrum.

The approach of using surface-recorded scaled, response spectra matched to the site
conditions is thought to be a better representation of actual conditions than the alternative of
attempting to compute ground motion propagation from bedrock to the surface. The limitations
in the accuracy of the attenuation equation show no statistical difference between peak
accelerations recorded on rock and those on soil at comparable distances. Thus. the problem of
what level of motion to input must be based on uncertain data. Miotion must be artit'ciallv
brought to bedrock by deconvolution. Unfortunately, motions are usually recorded on the
surface and not at bedrock depth. Without at-depth experimental records, one-dimensional wave
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propagation calculations, although very useful, may have error. Spectral shapes from such
calculations cannot be used with absolute certainty. The extent of site amplification is a
significant parameter. However, it cannot be computed from wave propagation analysis in
absolute certainty. It should be looked at as relating relative soil behavior. Uncertainty is
introduced by the choice of material properties used to characterize the site. The assumptions
made in one-dimensional analysis are perhaps more hidden and, thus, create a greater confidence
in the results.

It is important to consider the major assumption made in wave propagation analysis: that
vertically propagating shear waves travel through horizontal layers. For sites close to the fault,
the inclined nature of the fault and the close horizontal proximity to the energy source must be
considered. The energy released, which is composed of surface and body waves, cannot be
represented by a simplified one-dimensional model. Thus, it is questionable whether any
attentuation of motion would actually occur. The one-dimensional model is best suited for sites
at distances from the source where propagation is essentially through the more competent
subsurface (bedrock) layers refracting to the surface. This site may indeed show attenuation to
motion originating from distant sources. However, little is known about close-in behavior; there
is not enough known to justify a reduction in ground motion without loss of confidence in the
results.
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(a) Relative values of spectrum amplification factors
(from "Seismic design spectra for nuclear power plants,"
by N. MI. Newmark, J. A. Blume, and K. K. Kapur, in
Journal of the Power Division, ASCE, vol 99, no. P02,
Nov 1973, table 5).
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CHAPTER 8
EARTHQUAKE ACTIVITY FOR ENGINEERING ANALYSIS

IN TItE SAN DIEGO AREA

SEISMICITY

The seismicity and regional geologic structure of the San Diego area can be interpreted
in light of current plate tectonic theory. California is believed to lie on the junction of two
relatively rigid plates of the earth's crust that respond to movement of subcrustal material. The
main evidence of this juncture is the San Andreas fault. These same forces that tend to move
the portion of California on the westerly side of the San Andreas fault northward have resulted
in the formation of other faults, such as the San Jacinto, Whittier-Elsinore and Newport-
Inglewood faults.

Distant faults that must be considered significant to the site region include the Elsinore
and San Jacinto fault zones to the northeast and the San Clemente fault zone to the west. Local
faults include the Rose Canyon and La Nacion. The San Andreas fault zone is not considered
very significant because of its great distance from the study area.

The San Diego Bay contains cretaceous, tertiary, and quaternary strata, which is generally
flat but locally folded and cut by normal and right lateral faults. This area is called the Rose
Canyon zone (Lamar, et al., 1973). A bottom survey of the bay revealed numerous faults which
were difficult to correlate. The quaternary deformations observed along the Rose Canyon fault
zone attest to the tectonic importance of the zone. Although no major earthquakes have occurred
near San Diego recently, several earthquakes of about magnitude 3.5 have been recorded during
the past 41 years. Eleven took place near the Rose Canyon fault. The magnitude 3.5 earthquake
is associated with a fault rupture length of 1 km. The geologic structure of this area shows
evidence of previous movement. Surface traces of more than 24 kin in length and vertical
separation of hundreds of feet are visible. Table 8-1 shows the key faults and the maximum
credible earthquake.

San Jacinto Fault

The San Jacinto fault system extends from its junction with the San Andreas southeast of
Palmdale to the Colorado River Delta. Geodetic data indicate an average slip rate of 0.3 cm/yr.
Seventeen large earthquakes have occurred since 1890 along the 290-kin long fault. The
magnitudes determined were in the range of 5.7 to 7. 1.

This is one of the most active faults. In the 33-year period from 1890 to 1923, the
northern portion of this fault system averaged an event each 5.5 years. Large earthquake activity
in the northern half of the fault system has lapsed during the past 52 years. Movement in faults
in the Imperial Valley caused an earthquake in 1915 and again in 1940 (25-year span). The last
event was 35 years ago, and it is thought that significant strain has not been released since that
event.
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Whittier-Elsinore Fault

This fault system is composed of the Elsinore and Whittier fault zones, Agua Caliente
fault, and Earthquake Valley fault. Five recent earthquakes of unknown magnitudes have
occurred on this fault, the last one in 1935. No historical data exist to construct a recurrence
relationship. A slip rate of 0.08 cm/yr was determined and used to calculate a recurrence
interval. It is believed that sufficient elastic strain to produce a magnitude 6 or greater
earthquake has accumulated along the fault in recorded historic time (several hundred years).

San Clemente Fault

This fault, with a verified length of 176 km, extends from the eastern side of San
Clemente Island to the Cabo Colonet area of Baja California, Mexico. A magnitude 5.9
earthquake occurred off the southeast tip of San Clemente Island in 1951. The maximum
credible event for a fault of this length is 7.7 on the Richter scale. A significant consequence
of an earthquake on this fault is the possible production of a tsunami or seismic sea wave, but
such is not likely with magnitudes less than 6.3. Seven percent of southern California
earthquakes have submarine epicenters, yet only two or three locally-generated tsunamis are
known to have occurred since 1800, and none in the San Diego area.

Rose Canyon Fault

The Rose Canyon fault zone forms a belt of fractures about a mile wide. The zone on
shore can be traced southwestward for a distance of more than 16 km and then projects under
San Diego Bay and continues to the Mexican border and possibly beyond. An investigation of
the bay (Moore, 1972) revealed many faults. North of La Jolla an offshore extension of the fault
exists, suggesting that Rose Canyon is part of a much larger northwest trending zone of
deformation that extends at least 240 km from Santa Monica, California to Baja, California and
includes the New-Inglewood zone. 1 Geologic evidence suggests that the most recent movement
was less than 500,000 years ago. Fault displacements as recently as early Holocene time (10,000
years ago) cannot be precluded; Moore (1972) cites evidence of faulting through Pleistocene
deposits. No large earthquakes have been associated with the Rose Canyon fault during historic
time. During 1964, however, three earthquakes in the magnitude range of 3.5 to 3.7 were felt
in the vicinity of San Diego Bay. Uplift has been noted near the fault in La Jolla in sediments
that overlie the Linda Vista formation and are considered to be late Pleistocene (1,000,000 years
old).

La Nacion Fault

This fault extends for 24 km southward from La Mesa. The fault dips 60 to 70 degrees
toward the west and consists of two or more branches; several are tens of feet apart. Offsets of
Holocene deposits along :he fault have been noted but not confirmed. There is definite evidence
that Linda Vista formations (50,000 years) have been displaced. Evidence (McEuen and
Pinckney, 1972) suggests a change in the history of the San Diego area, previously thought to

'Possible locus of the 1933 Long Beach earthquake, magnitude 6.3.
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be stable. Test borings approximately 30 meters deep show open faults in sedimentary rock,
suggesting the area is in tension. McEuen and Pinckney (1972) also note that I km north of the
Otay Valley the La Nacion fault offsets Pliocene formations, late Pleistocene terrace deposits,
and Holocene alluvium (dating 10,090 + 190 years).

PROBABILITY ANALYSIS

This study is intended as a demonstration of the procedure. The bounds of the study area
are 117.0 to 119.0 W longitude, 34.5 to 31.0 N latitude. The coordinates of the site are
117.125N, 32.708N. A set of historical data was prepared for the site containing over 6,000
events with magnitudes of 3 or greater.

Figure 8-1 shows the region of interest with the epicenters plotted. Figure 8-2 shows a
similar plot with only the faults shown. Figure 8-3 shows the computed recurrence for the La
Nacion fault. All other faults utilized the default data in the program. Figure 8-4 shows the
individual contributions of each fault on the site probability. Figure 8-5 shows the total
probability of not exceeding the acceleration for a 50-year exposure. Figure 8-6 shows a
generalized site-independent spectra normalized to 0.33 g.

RESPONSE SPECTRA

The site has been characterized as an intermediate site. The closest ten records matching
a 6.5 event 16 km from this site producing 0.33 g acceleration were used to produce the response
spectra shown in Figures 8-6 and 8-7. These are useful in structural design.
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Table 8-1
Fault Systems of Interest to NAS North Island

Maximum
Fault Credible

Magnitude

Coyote Creek 7.0
Elsinore 7.5
Imperial 7.0

La Nacion 6.8
Malibu 7.5

Newport-Inglewood 7.0
Palos Verdes 7.0

Pinto Mountain 7.5
Raymond Hills 7.5
Rose Canyon 7.1
San Clemente 7.7

San Gabriel 7.7
San Jacinto 7.5

Santa Susana 6.5
Sierra Madre 6.5

South San Andreas 7.5
Superstition Mountain 7.0
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CHAPTER 9
SUMMARY

NAVFAC instructions suggest that, in conducting site seismicity studies for key facilities,
ground motion and response spectra be defined on a probabilistic basis. However, no procedure
was specified by NAVFAC to accomplish this. This project was initiated to provide a procedure
and the required software.

An automated procedure has been developed to perform a seismic analysis using available
historic data and geologic data. The objective of the seismicity study is to determine the
probability of occurrence of acceleration at the site. To do this, site coordinates and the study
bounds are specified in terms of latitude and longitude. A regional study is first performed in
which all of the historic epicenters are used with an attenuation relationship to compute site
acceleration for all historic earthquakes. A regression analysis is performed to obtain regional
recurrence coefficients, and a map of epicenters is plotted. The regional recurrence can be used
to compute the probability of site acceleration for randomly located events in the study area.
Such a condition is used when individual faults are not known well enough to be specified.

Where individual fault areas can be specified, individual subsets of the historic data are
used in conjunction v. " gzlogic d-ta to determine fault recurrence coefficients; these are used
to compute the probability of site acceleration from individual fault sources. The total risk is
determined for all faults specified. Confidence bounds are given on the site acceleration as a
function of probability of not being exceeded.

The structural design engineer may use either reponse spectra or time history techniques
in the analysis of a structure. The data base of recorded accelerograms has been obtained and
a program was prepared to search the record of accelerograms, given a desired magnitude event,
epicenter-site distance, acceleration level, and soil condition, to determine the closest matching
records. The program takes selected response spectra, and scales them, and then computes the
mean and standard deviation spectra and the maximum envelope spectrum. The spectra are
plotted either in tripartite form or in semilog form. The program also is able to scale, plot, and
create files of time history accelerograms for use as input to dynamic finite element programs.

Case studies were conducted to evaluate the procedure. Results compare favorably with
results by others.
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