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REPORT SUMMARY

Guidelines for Determining Design Basis
Ground Motions
Volume 5: Quantification of Seismic Source Effects

Procedures currently used to assess the nature of earthquake ground
motion in Eastern North America introduce considerable uncertainty to
the design parameters of nuclear power plants and other critical
facilities. This report examines that issue in-depth and provides an
engineering model and guideline for selecting a site and assessing its
seismic suitability.

BACKGROUND Eastern North America has sparse earthquake activity with rare
occurrences of large earthquakes; thus, little data exists to empirically quantify the
characteristics of ground motions. Procedures currently used to estimate ground
motion effects in this region introduce considerable uncertainty into the process of
developing seismic designs, either due to the procedure's subjectivity or the lack of
physical calibration.

OBJECTIVES To develop generic relations for estimating ground motion appropriate
for site screening; to develop a guideline for conducting a thorough site investigation
needed to define the seismic design basis.

APPROACH The project team specifically considered ground motions resulting
from earthquakes with magnitudes from 5 to 8, fault distances from 0 to 500 km, and
frequencies from 1 to 35 Hz. To develop generic ground motion relations for Eastern
North America, they used theoretical models calibrated against data from earth-
quakes throughout North America and the world. In these models, the contributions
to ground motion, including its variability, were evaluated using physical representa-
tions of earthquake processes. Earthquake processes involve the initial generation of
seismic energy or waves at the earthquake fault (“source effects”), followed by the
propagation of seismic waves through the earth’s crust (“path effects”), and finally the
modification of seismic waves as they travel through soils near the earth’s surface
(“site effects”). The team also collected and analyzed extensive geotechnical data at
three reference sites. This information provided the basis for developing a guideline
to help assess site suitability.

RESULTS This project resulted in an engineering model for estimating earthquake
ground motions in Eastern North America. The model considers a wide range of earth-
quake sizes and site conditions and may be used directly for site screening purposes.

The work also resulted in a guideline for conducting geotechnical and seismic
engineering investigations needed to determine the design basis for a site. This
guideline is appropriate for investigating a wide range of site conditions and soil
depths within and outside Eastern North America.

EPRI PERSPECTIVE Cost-effective seismic regulation of nuclear power plants
requires site-specific definition of seismic ground motions. The development of engi-
neering procedures for estimating earthquake ground motion can thus benefit both
operating and future plants. For licensing application, these procedures are needed
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to define the safe shutdown earthquake (SSE). The regulatory guidance
found in Section 2.5 of the Standard Review Plan (NUREG 0800) is quite
limited in scope and does not reflect the current state of knowledge on earth-
quake phenomena. With no accepted generic procedures in place, utilities
constantly face uncertainty associated with site-specific developments and
applications. These factors result in seismic design bases that are exces-
sively conservative and/or contribute to licensing delays, regulatory instabil-
ity, and high utility costs in the licensing process.

In 1988, EPRI completed a seismic hazard model for the central and
eastern United States (NP-4726), including a ground motion model (NP-
6074). The present work directly complements NP-4726, while replacing
and going significantly beyond the results of NP-6074. The engineering
ground-motion model can be used for screening potential sites before
conducting extensive site investigations. The guideline provides needed
background information to conduct an appropriate geotechnical and seismic
engineering investigation of a site for licensing purposes. Additional EPRI
reports that provide a basis for the current report include: NP-5577, NP-
5875, NP-6304, TR-100409, TR-100410, TR-102261, and TR-102262.

This report is presented in five volumes. Essential background, approach and
results are given mainly in Volume 1. Volumes 2, 3, and 4 are appendices
containing detailed analyses. Volume 5 (licensed material) contains Quantification
of Seismic Source Effects, which is summarized in Volume 1, Section 4.
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ABSTRACT

This report develops and applies a method for estimating strong earthquake ground motion. The emphasis of this
study is on ground motion estimation in Eastern North America (east of the Rocky Mountains), with particular em-
phasis on the Eastern United States and southeastern Canada. Specifically considered are ground motions resulting
from earthquakes with magnitudes from 5 to 8, fault distances from 0 to 500 km, and frequencies from 1 to 35 Hz.
The two main objectives were: (1) to develop generic relations for estimating ground motion appropriate for site
screening; and (2) to develop a guideline for conducting a thorough site investigation needed to define the seismic
design basis. For the first objective, an engineering model was developed to predict the expected ground motion on
rock sites, with an additional set of amplification factors to account for the response of the soil column over rock at
soil sites. The results incorporate best estimates of ground motion as well as the randomness and uncertainty asso-
ciated with those estimates. For the second objective, guidelines were developed for gathering geotechnical infor-
mation at a site and using this information in calculating site response. As a part of this development, an extensive
set of geotechnical and seismic investigations was conducted at three reference sites. Together, the engineering model
and guidelines provide the means to select and assess the seismic suitability of a site.
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EXECUTIVE SUMMARY

Introduction

This report develops and applies a method for estimat-
ing strong earthquake ground motion. The motivation
for this development was the need for a systematic,
physically based, empirically calibrated method that can
be used to estimate ground motions for input to the de-
sign of nuclear power plants and other critical facilities.
These ground motions are a function of the earthquake’s
magnitude and the physical properties of the earth
through which the seismic waves travel from the earth-
quake fault to the site of interest. Procedures currently
used to account for these effects introduce considerable
uncertainty into the ground motion determination, ei-
ther due to subjectivity of the procedure or the lack of
physical calibration.

The emphasis of this study is on ground motion estima-
tion in Eastern North America (east of the Rocky Moun-
tains), with particular emphasis on the Eastern United
States and southeastern Canada. Eastern North America
is a stable continental region, having sparse earthquake
activity with rare occurrences of large earthquakes. In
the absence of large earthquakes within the region of in-
terest, little data exist to empirically quantify the charac-
teristics of ground motions associated with these events.
While methods developed in more seismically active ar-
eas such as Western North America can be applied to
Eastern North America, fundamental differences in the
regional geology can lead to variations in ground mo-
tion characteristics. Therefore, empirically based ap-
proaches that are applicable for other regions, such as
Western North America, do not appear to be appropriate
for Eastern North America.

Recent advances in science and technology have now
made it possible to combine theoretical and empirical
methods to develop new procedures and models for es-
timating ground motion within Eastern North America.
Specifically considered are ground motions resulting
from earthquakes with magnitudes from 5 to 8, fault dis-
tances from 0 to 500 km, and frequencies from 1 to 35 Hz.
The results of this report can be used to determine seis-
mic hazards, provided the magnitudes and distances of
potential earthquakes are predetermined. In particular,
this report is intended for use in site screening as well as
detailed characterization of ground motion at a site,
such as may be required for structural design.

This study was conducted by a team of experts in seis-
mology, geotechnical engineering, and seismic engineer-
ing. The investigations were carried out over a period of
approximately 18 months from September 1991 to
March 1993. Work included a series of focused work-
shops with project participants to help achieve consen-
sus recommendations. The project was sponsored by the
U. S. Department of Energy (DOE), Sandia National
Laboratories, Southern Electric International, Common-
wealth Research Corporation, Public Service Company
of New Jersey, and the Electric Power Research Institute
as part of the DOE’s Early Site Permit Demonstration
Program. The project was managed by the Electric Pow-
er Research Institute.

Objectives

There were two central objectives of the project: (1) to
develop generic relations for estimating ground motion

ES-1
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appropriate for site screening; and (2) to develop a guide-
line for conducting a thorough site investigation needed
to define the seismic design basis. For the first objective, a
set of relations was needed that could be used to predict
the expected ground motion on rock or on soil for a future
earthquake. The approach was to develop an engineering
model consisting of relations appropriate for rock sites
and an additional set of amplification factors to account
for the response of the soil column over rock at soil sites.
For the second objective, a guideline was developed for
gathering geotechnical information at a site and using
this information in calculating site response. Together, the
engineering model and guideline provide the means to
select and assess the seismic suitability of a site.

Approach

The method that was used to develop generic ground
motion relations in this effort is markedly different from
the approach of previous studies. In this study, theoreti-
cal models, which have been calibrated against data
from earthquakes throughout North America and the
world, are used to characterize earthquake ground mo-
tion in Eastern North America. In these models, the con-
tributions to ground motion, including its variability, are
evaluated using physical representations of earthquake
processes. These processes involve the initial generation
of seismic energy or waves at the earthquake fault
(“source effects”), followed by the propagation of seis-
mic waves through the earth’s crust (“path effects”), and
finally the modification of seismic waves as they travel
through soils near the earth’s surface (“site effects”). For
a given earthquake magnitude and distance, the source,
path, and site each contribute to the observed ground
motion, as follows:

¢ The source controls both the seismic energy generat-
ed by rupture of an earthquake fault as well as the
accompanying dynamic characteristics.

¢ The seismic path contributes to ground motion
through reflection, refraction, and damping of seis-
mic waves within the earth’s crust in response to the
various physical properties along the wave path.

* The site contributes to the evolution of seismic
waves in much the same way as the path, though on
a smaller scale. Site effects are a function primarily
of soil depth and type.

ES-2

The characteristics of the seismic source, path, and site
effects form the basis for the parameters in the theoreti-
cal models.

The ground motion relations for rock sites were devel-
oped using a physically based, empirically calibrated
ground motion model. In the model, a wide range of val-
ues was assigned to the ground motion parameters. Us-
ing the combination of all model parameters and their
ranges of values, computer simulations produced hun-
dreds of records of earthquake ground motion for each
magnitude and distance considered. While each earth-
quake simulation represents a possible future earth-
quake, each earthquake is not equally likely to occur.
Therefore, based upon extensive analyses of past earth-
quakes and comparisons to model predictions, distribu-
tions were assigned to the values for all model
parameters. The parameter value distributions were
based on partitioning their variability into two types:

‘uncertainty, which is due to the lack of knowledge of

earthquake characteristics; and randomness, which is
due to the inherent variability of those characteristics.
Finally, individual parameter weights were combined
for each earthquake simulation to produce the appropri-
ate “distribution” of earthquake ground motion for ev-
ery magnitude, distance, and frequency considered.
Together, these distributions constitute a family of func-
tional relations that define the final engineering ground
motion model for rock sites. In turn, the engineering
model defines ground motion for median levels and as-
sociated variability.

To accommodate sites with soil overlying rock (referred
to as local site effects), site amplification factors were de-
veloped for a range of soil types and depths representa-
tive of soil conditions in Eastern North America. The
factors were derived by first accumulating data that de-
scribe the behavior of various soils during seismic load-
ing. These data were then used to assess the variability
in seismic properties, especially the wave velocity as it
changes with depth. In addition, seismic velocity and
material damping data were gathered from three refer-
ence sites using a variety of field and laboratory tech-
niques. The reference site data were used (1) to improve
physical understanding of the dynamic processes of soil
response and (2) to assess procedures for measuring the
physical properties needed to estimate site effects. The
estimation problem is particularly difficult because the
seismic properties of soils change depending upon the
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level of shaking. The resulting “nonlinear” effects gener-
ally cause the ratio of soil-to-rock motions (i.e., soil am-
plification) to decrease as the corresponding rock
motion increases. The quantification of these effects
through theoretical modeling and comparisons to em-
pirical data resulted in factors that describe the amplifi-
cation of soils relative to rock for several soil categories.
The amplification factors were developed for a wide
range of rock motions and are given as median values
with variability.

Finally, based upon extensive geotechnical data that
were collected at the three reference sites and analyzed
as part of this program, a guideline was developed for
assessing soil characteristics and site response. This
guideline applies to planning and conducting a system-
atic and thorough geotechnical investigation of soil
properties at a potential site. Guidance is also provided
for performing dynamic analyses required to determine
the response of the soil column to earthquake shaking at
(and beyond) the levels of motion of interest to the seis-
mic design.

Conclusions

The engineering ground motion model developed in
this study can be used for screening potential sites in
Eastern North America before conducting extensive site
investigations. However, the application of these proce-
dures to site screening requires information regarding
earthquake magnitudes and distances as well as certain
site properties such as soil depth and site geology. Mag-
nitudes and distances of potential earthquakes may be
derived either probabilistically or deterministically.

The guideline—together with the results of investigations
of the three reference sites—provides the means to con-
duct an appropriate geotechnical and seismic engineering

Executive Summary

site investigation. In all, this guideline is appropriate for
use given a wide range of site conditions and soil depths.
While there are certain soil types (e.g., those with lique-
faction potential) for which this guideline may not be di-
rectly applicable, it may be used widely both within and
outside Eastern North America. '

The information compiled in this report represents a
comprehensive assessment of the nature of earthquake
ground motion in Eastern North America. The results in-
corporate best estimates of ground motion as well as the
randomness and uncertainty associated with those esti-
mates for a wide range of earthquake magnitudes, dis-
tances, and frequencies. Overall, the results of this study
will be useful in performing seismic hazard evaluations
and establishing seismic design standards for many
years to come.

Organization

The results of this study are presented in five volumes.
Volume I: Methodology and Guidelines for Estimating Earth-

quake Ground Motion in Eastern North America, represents

the main body of the report, presents the model develop-
ment and summarizes the key results and conclusions of
the study. Volume II: Appendices for Ground Motion Estima-
tion, presents the appendices to Sections 2 to 7 of Volume
I, and consists primarily of data and details of analyses
used to develop the engineering ground motion model
and geotechnical guidelines. Volume III: Appendices for
Field Investigations, and Volume IV: Appendices for Laborato-
ry Investigations, present the details of field and laboratory
investigations of reference sites; Section 8 of Volume 1
constitutes a summary of these appendices. Volume V:
Seismic Source Effects, presents separately (as a licensed re-
port) the analyses of the seismic source performed for in-
put to the engineering ground motion model; a summary
of this volume is given as Section 4 of Volume 1.

ES-3
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QUANTIFICATION OF SEISMIC SOURCE EFFECTS

There are three main parameters of the seismic source
for the stochastic ground motion simulation procedure
described in Section 3.2. They are magnitude, stress
drop (corner frequency), and the relation between
source distance and equivalent point-source distance
(accounts for effect of extended sources). This section
describes the development of these three parameters.

V.5.1 Magnitude

The m;, magnitude scale was introduced by Nuttli
(1973) as a way to characterize the size of ENA earth-
quakes using seismograph recordings obtained at re-
gional distances (roughly 100 to 1000 km). mg, was
intended to be consistent with the teleseismic my, scale,
but significant, and often systematic, differences arise
between my, and my ; magnitudes. my g is sometimes de-
noted as myp,, my, or my,. The my  scale is the magni-
tude scale most commonly used to characterize the size
of contemporary earthquakes in ENA. Macroseismic es-
timates of earthquake size for pre-instrumental earth-
quakes (typically in terms of epicentral intensity or felt
area) may be converted to m, using existing intensity
to magnitude relationships (e.g., Herrmann and Nuttli,
1980; EPRI, 1986). These relationships, especially those
for intensity, are relatively robust because there are nu-
merous moderate-magnitude ENA events with esti-
mates of both epicentral intensity and my g, which have
been used to develop these relationships (see EPRI,
1986). Most seismic hazard studies for ENA, such as the
recent EPRI/SOG and LLNL seismic hazard studies
(EPRI, 1986; LLLNL, 1989), have used mp, to characterize
earthquake size.

In addition to developing attenuation equations in
terms of mp,, this study uses the moment magnitude,
M, (Hanks and Kanamori, 1979) to characterize earth-
quake size and develops attenuation functions in terms
of M. M is a function of the seismic moment, Mj (i.e.

M= §—10g1() Mo- 16.1 ),

which is one of the basic parameters in the ground-
motion model developed in this study (see Section 3.2).
The use of mp ¢ provides a link to ENA earthquake cata-
logs and to current and past practice. The use of M pro-
vides a more direct and physically based estimate of
ground motion.

V.5.1.1 Relationship between m 4 and Seismic
Moment

Because earthquake size is characterized by seismic mo-
ment Mj in the ground-motion model of Section 3, one
must know the relationship between m;, and seismic
moment (or moment magnitude) in order to develop an
attenuation function in terms of my,. This relationship
may be developed empirically (e.g., Nuttli, 1983; Atkin-
son, 1984; Somerville, 1986) or by predicting seismogram
amplitudes for multiple values of seismic moment, using
a ground-motion model such as the stochastic model in
Section 3.2 (e.g., Hanks and Boore, 1984; Boore and
Atkinson, 1987; Toro and McGuire, 1987). We follow a
hybrid approach in this study, using the stochastic
ground-motion model in Section 3.2 to develop an aver-
age My—my ¢ relationship. We then use data to validate
this relationship and to quantify the variability in mp,
given M and the dependence of my, on stress drop.

V.5-1
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To obtain the average Mg—mq g relationship, we use the
stochastic ground-motion model described in Section
3.2 and a certain crustal structure to calculate the ampli-
tude of a hypothetical vertical-component short-period
WWSSN seismograph (Luh, 1977) at a distance of 500
km?. This amplitude, the associated zero-crossing peri-
od, and the distance of 500 km are then inserted into
Nuttli’s equation for my, (Nuttli, 1973), obtaining my g
for a given value of M. Repeating this process for mul-
tiple values of seismic moment (corresponding to mo-
ment magnitudes 4.5 to 8.0), one obtains a relationship
between M, and myq. Performing this operation for all
parameter combinations and averaging the results, one
obtains an average Mg-my ; relationship. Only one of the
two crustal models to be introduced in Section 5 (i.e.
Mid-continent model) is considered in these calcula-
tions. It is not necessary to develop separate relation-
ships for the other crustal model (i.e. the Gulf model)
because most regional recordings of events from the
Gulf region are obtained at stations deep in the Mid-
continent region. Therefore, most of the paths for these
records lie in the Mid-continent region.

Figure V.5-1 shows the average My-my ¢ relationship ob-
tained as described above and compares it to the Mg—
mpg data compiled by Boore and Atkinson (1987) and to
the relationship obtained by McGuire et al. (1988). Both
comparisons indicate good agreement. Additional com-
parison to the My-my ¢ data (M>5) compiled by Atkin-
son (1993) shows a bias of 0.05+0.06 and a standard error
of 0.25, indicating close agreement (see Figure V.5-2).
The average My-my , relationship may be expressed as a
polynomial on M as follows

mig(average) = -10.23 + 6.105M - 0.7632M? + 0.03436 M
(Eq. V.5-1)

This curvilinear M-m;p , relationship is adopted, even
though a linear relationship would also fit the data in
Figure V.5-2, because the curvilinear form is a direct con-
sequence of the curvature in the Brune spectral shape in
the neighborhood of the corner frequency.

In order to properly calculate the variability in the
ground motion predictions in terms of myg, it is neces-
sary to investigate the relationship between stress drop

and deviations of my, from the average values. Model-
ing results indicate that the effect of stress drop on my g
is small for moment magnitudes 4 to 5 and increases
with increasing seismic moment (see Figure V.5-3).
Thus, we investigate the dependence of the quantity

_ mg(observed) - mpg(average)
M-4

(Eq. V.5-2)

on stress drop, using those events in Atkinson’s (1993)
data set that have estimates of seismic moment, myg,
and stress drop. Figure V.5-4 shows ¢ as a function of
stress drop for M>5 and suggests a dependence on stress
drop which is consistent with modeling results. The one
point that deviates significantly from a straight line cor-
responds to the 1925 Charlevoix earthquake. Because
the data for Charlevoix is no less reliable than data from
other historical earthquakes, the Charlevoix data are re-
tained and included in a regression analysis to deter-
mine the dependence of € on stress drop, Ac. This
regression yields

g = 0.16 (£0.02) + 0.13(+0.08) In Ac + &
(Eq. V.5-3)

where 8 is a random variable with zero mean and a stan-
dard deviation of 0.12. This regression has an R? of 0.48,
indicating that variability in stress drop given by the re-
gression explains 48% of the variability in &. The result-
ing model for my 4 is given by

mp, = mpg(average) + (M-4) (0.16 + 0.13In Ac + 9)
(Eq. V.5-4)

where my ;(average) is given by the polynomial in Equa-
tion V.5-1.

The relationship between mpg and stress drop affects
only the variability in the attenuation equations in terms
of mp, (see Section 9), and has no effect on median
ground motion amplitudes. Even though the number of
data in Figure V.5-4 and their associated uncertainties do
not require a relationship between my , and stress drop,
the observed effect is consistent with &’le theoretical de-
pendence shown in Figure V.5-4 and is used in the devel-
opment of the engineering model in Section 9.

1. The use of a wider-band seismograph response, such as that of a Wood-Anderson, would decrease the calculated m g by 0.1100.2 magnitude
units; similarly, use of a reference distance of 800 km would decrease the calculated m 4 by 0.1 magnitude units or less (Toro, 1988).

V.5-2
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Figure V.5-1. Average predicted My-m, ; relationship calculated using the ground-motion model
in Section#3 (heavy solid line). Also shown are the relationship obtained by McGuire
et al. (1988, dashed line) and the My—m 4 data of Boore and Atkinson (1987, rectangles).
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Figure V.5-2. Comparison of the average predicted Mg-m; 4
relationship to the data compiled by Atkinson (1993).
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Figure V.5-3. Dependence of the My-m 4 relationship on stress drop. Source: McGuire et al. (1988).
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Figure V.5-4 Relationship between m 4 residuals and stress drop. Data from Atkinson (1993).

V.5.1.2 Effect on Ground-Motion Variability

Use of my, instead of M as the measure of earthquake
size results in a moderate decrease in the total variability
of the predicted ground motion. This decrease comes
about because a higher than average stress drop results
in both a higher my ¢ and a higher spectral acceleration,
thereby increasing the correlation between mpg and
spectral acceleration. The amount of this decrease in
variability is magnitude-dependent and is also different
for the various ground-motion measures (slight increases
occur at some magnitudes for 1 Hz spectral acceleration).
Additional discussion of the variability is contained in
Section 9.

V.5.2 Stress Drop

For a fixed magnitude or moment, the stress drop in the
stochastic source model (Eq. 3.1) directly scales ground
motions for frequencies above the corner frequency
(Boore, 1983; Silva, 1991). In the frequency range of in-
terest, 1-25 Hz, the stress drop is therefore one of the

V.5-6

controlling parameters for the point-source model
(Section 9).

For the Brune source model (Section 3.2), the stress drop
is computed from the corner frequency. The stress drop
is calculated from the moment and corner frequency us-
ing the relation

f 3
AG = 8.44Ma(—c)
Bo

The estimated AT depends on the assumed shear wave
velocity at the source. For the single corner Brune model,
the stress drop is related to the high frequency spectral
level for all frequencies above the corner frequency. In
contrast, the term stress parameter is used to describe
the equivalent stress drop that is derived directly from
the high frequency spectral level for frequencies much
greater than the corner frequency. The spectral parame-
ter is applicable to models that have more than one cor-
ner frequency (Section V.5.2.3).

(Eq. V.5-5)
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In this section, two methods are used to estimate the
stress drop for EUS earthquakes. The first method is
based on the high frequency level of the Fourier ampli-
tude spectrum. The second method is based on fitting
the Fourier amplitude over the entire frequency band to
the omega-square spectral shape.

V.5.2.1 Estimation of High-Frequency Stress
Parameters

High-frequency stress parameters for EUS events were
estimated by Atkinson (1993) using both instrumental
data and felt areas. The stress parameter values are esti-
mated from the high-frequency spectral level (f>>f ) at
the earthquake source (see Eq. 3.1 and 3.3). The source

Quantification of Seismic Source Effects

spectral levels were obtained by regression analyses of
spectral data for events from 1982 onwards. The high
frequency source spectral levels for older events were
estimated based on MMI data using the Atkinson (1993)
relation between felt area of ENA earthquakes and their
high frequency levels at the source. She found that the
stress parameters for aftershocks were significantly
smaller than for mainshocks. Therefore, aftershocks are
not included in the current study. The Atkinson stress
parameters were modified to be consistent with the
shear-wave velocity values in the focal region for the
Mid-continent crustal model (Section 5) based on Eq. V.5-
5. The “equivalent Mid-continent stress parameters” are
listed in Table V.5-1. The modification is required

Table V.5-1

High-Frequency Stress Parameters for EUS Events Based on the Mid-continent Crustal Velocities

Equivalent Mid-continent

Date Name M Stress Parameter (bars)
25-03-01 Charlevoix 6.4 122
29-11-18 Grand Banks 6.7 90
35-11-01 Timiskaming 5.8 261
39-10-19 Charlevoix 5.3 90
40-12-20 Ossippee 5.5 70
44-09-05 Cornwall 5.7 73
68-11-09 S. lllinois 5.38 456
80-08-27 Sharpsburg 5.05 217
82-01-09 Miramichi AS 5.5 | 53
82-01-19 New Hampshire 4 59
83-10-07 Goodnow 5 78
85-10-05 Nahanni FS 6.7 61
85-12-23 Nahanni MS 6.8 37
86-01-31 Painesville 4.8 103
86-07-12 Ohio 45 106
87-06-10 lllinois 4.96 122
88-11-23 Sag FS 4.1 179
88-11-25 Sag MS 5.8 488
89-03-16 Payne Bay 5 183
89-12-25 Ungava 5.9 103
90-10-19 Mont Laurier 4.7 357

V.5-7
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because Atkinson assumed a shear wave velocity at the
source that is different from the Mid-continent model
used in the study. For example, at a depth of 10 km At-
kinson used a shear wave velocity of 3.8 km/s, whereas
the Mid-continent model has 3.5 km/s. To account for
this difference, Atkinson'’s stress ;'Jarameter for this focal
depth is divided by the factor (3.8°/3.5%!° which is about
1.45. With this modification, these stress parameters can
be used in the stochastic model with the Mid-continent
velocity structure to yield high frequency spectral levels
that are consistent with the empirical data base.

These high frequency stress parameters are plotted ver-
sus moment magnitude in Figure V.5-5. These data show
a decrease of stress parameter for magnitudes greater
than 6.0; however, a linear least-squares fit of log stress
parameter versus magnitude is not statistically signifi-
cant at the 95% confidence level. The stress parameters
range from 37 to 488 bars. The mean natural log stress
parameter is 4.7940.16 (120 bars) with a standard error of
a single observation of 0.71 on the natural logarithm of
stress parameter.

V.5.2.2 Estimation of Brune Stress Drops

Brune stress drops may be estimated either in the time
domain, by measuring the source duration and seismic
moment, or in the frequency domain by measuring cor-
ner frequency and seismic moment. In a previous study
sponsored by EPRI, Somerville et al. (1987) used the time
domain approach to estimate median stress drops of 120
bars and 90 bars for large earthquakes in eastern and
western North America respectively based on teleseismic
data. Comparable values have been estimated in the
present study by fitting the Fourier amplitude spectrum
of near-source recordings to the omega-square spectral
model given in Equation 3.1. The methodology, de-
scribed below, was applied to both stable continental
interiors and tectonically active regions.

V.5.2.2.1 Methodology

In the inversion scheme, earthquake source, path, and
site parameters are obtained by using a nonlinear least-
squares inversion of Fourier amplitude spectra for the
stochastic model parameters in Equation 3.1 (Silva and
Stark, 1992). The bandwidth for each amplitude
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Figure V.5-5. High-frequency stress parameters modified from Atkinson
(1993) to be consistent with the Mid-continent velocity structure.
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spectrum computed from recordings was selected based
upon visual examination. In no case did the bandwidth
extend beyond either instrument or filter corner fre-
quencies. For horizontal components the vector sum
amplitude spectrum divided by V2 is used. This tends to
minimize the effects of resonances and results in more
stable inversions. Generally, when source to site distanc-
es exceeded about 50 km, the effects of crustal structure
(Ou and Herrmann, 1990) were incorporated in the in-
version. For all the cases considered, however, the re-
sulting inversions were not measurably improved by
using crustal structure effects: there was little or no re-
duction in the standard error of the fit. In some cases, the
fit was actually degraded. Consequently, results are pre-
sented for inversions using only the simple geometric at-
tenuation terms.

The inversion scheme treats multiple earthquakes and
sites simultaneously with a common crustal path damp-
ing parameter Q(f). In total, six parameters may be de-
termined depending upon the number of stations per
earthquake and distance ranges. The parameter covari-
ance matrix is examined to determine which parameters
may be resolved for each data set. In the stochastic

Quantification of Seismic Source Effects

ground motion model (Section 3.2), the six parameters
which may be determined include: kappa (frequency-
dependent site-specific attenuation), D (frequency-
independent site-specific amplification), Q, and 1
(frequency-dependent path Q model), M, and corner
frequency (Silva and Stark, 1992). The constant term D
allows broad-band adjustment of the modeled spectrum
at each site. Crustal and soil profile amplification is ac-
commodated in the inversion scheme by incorporating
the appropriate transfer functions in the model spectra.

To reduce the non-uniqueness inherent in inversion
schemes, a suite of starting models is employed. The fi-
nal set of parameters is selected based upon a visual in-
spection of the model fit to the Fourier amplitude
spectrum as well as the chi-square values. In this ap-
proach, a consistent method which accommodates path
Q(f) as well as kappa and crustal amplification is used.

V.5.2.2.2 Brune Stress Drops for Stable Continental
Regions

For applications to eastern North America, 12 earth-
quakes were studied with magnitude greater than or
equal to 4.0, which occurred in what is considered the

Table V.5-2

Brune Stress Drops for SCR Events

Date Time Name M N Ao SE (A0)
82-01-11 New Brunswick (A) 5.0 9 132 86
82-01-19 New Hampshire 4.0 4 66 16
82-03-31 New Brunswick (A) 4.2 9 96 5
82-06-16 New Brunswick (A) 4.2 5 100 21
83-10-07 Goodnow, New York 5.0 6 269 -39
85-12-23 05:16 Nahanni, NW Terr. 6.8* 3 86 4
85-12-23 05:48 Nahanni, NW Terr. (A) 5.4* 1 N 4
88-11-23 Saguenay, Quebec 4.0 6 53 20
88-11-25 Saguenay, Quebec 5.8* 11 655 32
89-04-27 Missouri 4.2 2 229 120
90-10-19 Montlaurier, Quebec 45 12 437 64
91-05-04 Cape Girardeau, Miss. 4.4 4 39 31

* Magnitude fixed in inversion
(A) designates aftershock

V.5-9
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North American Stable Continental Region. Results of
the inversions are shown in Table V.5-2 for each earth-
quake. Magnitudes ranged from 4.0 to 6.8. The comput-
ed stress drops range from 39 bars to 655 bars. The mean
natural log stress drop is 4.8610.25 (130 bars) with a stan-
dard error of a single observation of 0.86 on the natural
logarithm of Ac. The stress drops are shown as a func-
tion of magnitude in Figure V.5-6. This data set does not
indicate a magnitude dependence of stress drop. Four of
the 12 events are aftershocks. The mean natural log
stress drop for the 8 mainshocks is 4.98+0.37 (145 bars).
Due to the small sample size, the mean log stress drop
for this data set (4.98+0.37) is not significantly different
from the mean log stress parameter for the larger Atkin-
son data set (4.7940.16).

V.5.2.2.3 Brune Stress Drops for Tectonically Active
Regions

For comparison, the Brune stress drops were computed
for tectonically active regions using the same inversion
procedure. A total of 25 mainshocks with magnitudes
greater than or equal to 4.0 were studied. The source re-
gions include California, the Basin and Range province,
Italy, and the 1978 Tabas, Iran earthquake. Distances
were generally within 100 km and all inversions were
performed using the 1/R geometrical attenuation term.
Results of the inversions are shown in Table V.5-3 for
each earthquake. The median stress drop is 100 bars
with a standard error of 0.68 on the natural logarithm
of stress drop. The stress drops are plotted as a function

1000
[ 9
| ®
i %
. »
D |
3 x
g o]
5 100 — e o "
? i
8 [ ®
% | ®
- 3
i x Mainshocks
- o Aftershocks
10 . ; ; . | . L : | — ! |
3 4 5 6 7 8
Magnitude

Figure V.5-6. Brune stress-drops for SCR estimated by inversion of the Fourier amplitude spectrum.
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Table V.5-3

Brune Stress Drops for Active Regions Events

Date Time Name M N Ac SE (Ao)
33-03-11 Long Beach 6.4" 3 112 11
35-10-31 Montana 6.1 1 49 77
35-11-28 Montana 5.1 1 102 52
40-05-19 Imperial Valley 6.9* 1 86 13
52-07-21 Kern County 7.5% 4 186 35
57-03-22 San Francisco 5.3 5 114 44
62-08-30 Cache Valley 5.9* 1 28 6
66-06-28 Parkfield 6.3 5 154 94
68-04-09 Borrego Mtn. 6.6 2 108 34
70-09-12 Lytle Creek 5.3 3 108 37
71-02-09 San Fernando 6.6* 9 52 13
76-05-06 20:00 Friuli, ltaly 6.2* 11 181 10
78-09-15 Tabas, Iran 7.4* 2 111 18
79-08-06 Coyote Lake 5.6 4 160 190
79-09-19 Valneria, Italy 5.8* 3 101 14
79-10-15 Imperial Valley 6.4* 14 60 2
80-11-23 18:34 Irpinia, ltaly 6.8" 14 83 9
84-04-24 Morgan Hill 6.1 7 225 259
84-04-29 Umbria, Italy 5.6* 3 99 13
84-05-07 17:49 Lazio Abruzzo, ltaly 5.5 206 187
86-07-08 10:09 Anza 4.1 2 11 7
87-10-01 Whittier Narrows 5.9* 12 165 15
87-11-24 13:15 Superstition Hills 6.5* 109 »
89-10-17 Loma Prieta 6.9* 23 171 5

* Magnitude fixed in inversion

of magnitude shown in Figure V.5-7. These data do not
show a significant magnitude dependence, which sup-
ports the use of a magnitude independent stress drop for
large magnitude events. The variability of the log stress
drop in tectonically active regions (0.68) is approximate-
ly the same as found for the high-frequency stress pa-
rameter in ENA (0.71).

V.5.2.3 Empirical (Atkinson) Model

Atkinson (1993) developed an empirical source model
for ENA earthquakes. The model is based on an exten-
sive database that includes regional seismograph re-
cordings, strong-motion records, teleseismic data and
MMI data; it covers the magnitude range from 3 to 7.

V.5-11
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Brune Stress-drops for Active Regions
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Figure V.5-7. Brune stress-drops for active regions estimated by inversion of the Fourier amplitude
spectrum.

The primary data source was a set of 1200 digital seismo-
grams, from 100 earthquakes recorded on the 30 stations
of the Eastern Canada Telemetered Network (ECTN).
The size of the ECTN database and its excellent distribu-
tion in distance allowed good resolution of source, path
and site effects through regression analyses (Atkinson
and Mereu, 1992; Boatwright, 1993). The ECTN database
was supplemented at the high-magnitude end by spec-
tral information gleaned from analyses of teleseismic
data (Boatwright and Choy, 1992; Somerville et al., 1987)
and from MMI data. The inclusion of MMI data was
made possible by the finding that the felt area of an
earthquake is highly correlated with its high-frequency
spectral level at the source.

V.5-12

Atkinson concluded that the Brune source model does
not adequately describe the shape of the source spectra
of events of M > 5. High-frequency (5 to 10 Hz) spectral
amplitudes are consistent with a Brune stress parameter
of approximately 120 bars, assuming a shear-wave veloc-
ity of 3.5 km/sec in the source region (the Mid-continent
velocity model, Section 5.5). Intermediate-frequency
amplitudes (near 1 Hz) are matched by significantly
lower stress parameters. For a shear-wave velocity of
3.5 km/sec, the equivalent Brune stress drop to match
the observed 1 Hz spectral amplitudes is approximate-
ly 35 bars.

Small events (M < 4) are well-fit by the Brune model;
however there is an apparent dependence of stress drop
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on moment that is attributable to finite bandwidth ef-
fects (Boore, 1986; Atkinson, 1993; Boatwright, 1993).
Thus stress drops for events of M < 4 that are obtained
from ECTN or similar instrumentation (i.e. that cannot
reliably recover amplitudes for frequencies above 10 Hz)
should not be considered indicative of stress drops for
larger events.

Atkinson (1993) proposed a new two-corner empirical
source model based on the source spectral database. The
functional form represents the addition of two Brune
spectra:

_Cfmp| -y Y e RV
a(f) = { 14{{;)2 + 1+({;)2} P(f) exp BQf(l:) } (Eq. V.5-6)

where f, and fp are the two corner frequencies given by
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logyo fo = 2.41 - 0.533M, (Eq. V.5-7)

].Oglo fB =143- 0188M, (Eq V5-8)

and vis a fraction of the total moment given by

logig Y=2.52 - 0.637M, (Eq. V.5-9)
(compare to Eq. 3.1). The additive form has been inter-
preted as follows: for events of M=4 (or smaller), 100%
of the total moment is released by a single asperity(y=1);
this produces a simple Brune spectrum, characterized by
a stress parameter of approximately 120 bars (for the
Mid-continent velocity model). As magnitude increases,
‘roughness’ (i.e. asperities, barriers, etc.) causes enhance-
ment of the high-frequency components of the ground
motion (relative to a smooth rupture), and introduces the

ENA Model vs. Brune 100 bars
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Figure V.5-8. Comparison of horizontal-component Fourier amplitude spectra (R=1 km)
for the double corner Atkinson (1993) model (solid lines) with those of the
100-bar Brune model (dashed lines) for M 5, 6, and 7. From Atkinson (1993).
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requirement for a second corner frequency. The Fourier
amplitudes for the double-corner empirical model are
compared to the Fourier amplitudes for the single-
corner model (100 bars) in Figure V.5-8.

In this study, the source model proposed by Atkinson
(1993) is considered in two ways. First, the estimates of
the median stress parameter and its uncertainty are
based on the high-frequency spectral levels from At-
kinson’s data set, but using the appropriate shear-wave
velocities for the Mid-continent crustal model (Section
V.5.2.1). Second, the sensitivity of predicted ground mo-

tion to the two-corner spectral shape is considered. It
was, however, considered premature to adopt this new
model which has not yet been completely reviewed and
discussed by the scientific community.

V.5.2.4 Comparison of Best Single-Corner and
Double-Corner Models

The simulated response spectra for the single-corner
and double-corner models are compared in Figure V.5-9
for magnitude 5.5. In these figures, the double-corner
model uses 1/R geometrical spreading to be consistent

Tt ' ] T — ]

01 | -

C) - ]

3] 8 i

w .
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Frequency (Hz)

Figure V.5-9. Comparison of the response spectra for the single-corner and double corner spectral
models. The double corner model uses 1/R geometrical attenuation to preserve the empirically
based spectral levels, whereas the single corner model uses the Ou and Herrmann
geometrical attenuation to be consistent with the application of the model in Section 9.
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with the Atkinson model. Since the Atkinson model is
derived empirically, we need to keep the parameters
consistent in order to preserve the level of ground mo-
tion. In contrast, the single-corner model uses the Ou and
Herrmann geometrical spreading factors (see Section 3).
This is because the Ou and Hermann method is used in
the ground motion simulations for the engineering model
in Section 9. This provides a comparison of the simula-
tions with the empirically based double-corner model.

At high frequencies, the response spectrum for the
double-corner model is between the 100 bar and 200 bar
stress drop response spectra for the single-corner model.
At frequencies less than 3 Hz, the response spectral
shape for the double-corner model departs significantly
from the spectral shape for the single-corner model. At
frequencies below 1 Hz, the response spectra for the
double-corner model is below the 50 bar stress drop re-
sponse spectrum for the single-corner model.

The single-corner model with a stress drop determined
by the high frequency level will yield conservative esti-
mates of long period response spectral in comparison to
the double-corner model.

V.5.2.5 Stress Drop Model for the EUS

Both the Brune stress drop and the high frequency stress
parameter can be used in the stochastic model. The high-
frequency stress parameter from the Atkinson (1993)
data set is used because it is a more direct measure of the
high frequency level and because the Atkinson data set
has many more large magnitude mainshocks than the
Brune stress drop data set for SCR. In the development
of the engineering model in Section 9, the stress param-
eter is assumed to be log normally distributed with a
median of 120 bars and a standard deviation (of an esti-
mate) of 0.7 on the natural logarithm of stress drop.

The variability of model parameters in the engineering
model developed in Section 9 is divided into random-
ness and uncertainty. Randomness represents variability
that is inherent to the parameter; uncertainty represents
variability that is due to our lack of knowledge of the pa-
rameter. Therefore, randomness can be refined but not
reduced, whereas uncertainty may be reduced in the fu-
ture with additional information.

The stress parameter standard deviation of 0.7 is di-
vided into uncertainty and randomness. As shown in
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Figure V.5-5, the mean log stress drop is unbiased for
events with M< 6. For this magnitude range, we model
the uncertainty by the standard error of the mean log
stress drop which is 0.15. The remaining variability is as-
sumed to be randomness. The randomness is calculated
by subtracting the uncertainty variance from the total
variance. For M>6, the mean log stress drop is biased to
smaller values (Figure V.5-5). The bias is large, but there
are only four data points so it is not well resolved. The
large but poorly resolved bias represents uncertainty
whereas the scatter of the data represent randomness.
The bias and standard error of the four data points for
M26, are approximately equal. Therefore, we assume
that the uncertainty (represented by the bias) and the
randomness (represented by the standard error) are
equal. The randomness and uncertainty are calculated
such that the total standard error remains 0.7 (random-
ness = 0.5, uncertainty = 0.5). Since the bias is most ap-
parent for M>6.5, this randomness and uncertainty are
used for M>6.5 and linear interpolation on the variance
is used to give a smooth transition between M=6 and
M=6.5. The resulting randomness and uncertainty are
given by

Randomness:

0.684 M<6.0

Y(0.684)2 - 0.436(M-6)  6.0<M<6.5 (Eq. V.5-10)
0.50 M>6.5

Uncertainty:

0.15 M<6.0

Y(0.152 + 0455(M-6)  6.0<M<6.5 (Eq. V.5-11)
0.50 M=6.5

V.5.3 Extended Source Effect

The simulation procedure described in Section 3.2 uses
an equivalent point source distance to define the dis-
tance from large magnitude events. This distance corre-
sponds to the distance to the closest point on the rupture
plane at the depth of the main slip (called the asperity).
For large events with extended sources, this distance
does not necessarily represent hypocentral distance.
When all possible azimuths are considered, the family of
equivalent point sources defines a line or the fault plane
at the depth of the asperity.
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In Section 5.2, depth distributions for events in ENA are
developed. These depth distributions are for hypocen-
tral depth, whereas the depth used in the point source
model is asperity depth. In order to use these focal depth
distributions with the simulation procedure, we need a
conversion from hypocentral depth to asperity depth to
account for the extended source effect. In addition, we
need to consider the spatial extent of the source in terms
of the probability that a large magnitude event will oc-
cur at shallow focal depths.

These two effects depend on the distribution of hypo-
center depths and asperity depths for large magnitude
events. For most large events, we do not have reliable es-
timates of the distribution of slip and hence the depth of
the asperity; however, for many recent large events, slip
distribution information is available based on inversions
of strong-motion data. A set of 11 large events with esti-
mated slip distributions is listed in Table V.5-4. The hy-
pocenter and asperity depths are listed as a fraction of
the down-dip width of the fault rupture. Histograms of
the hypocenter and asperity depths are shown in Figure
V.5-10. The median hypocenter location is 12% further
down-dip than the median asperity location. For fault
dips uniformly distributed between 30 and 90 degrees,
the median hypocenter depth is deeper than the median

asperity depth by approximately 10% of the rupture
width.

To compute the difference in hypocenter depth and as-
perity depth using the analysis above requires an esti-
mate of the rupture width. An empirical relation
between rupture width and moment magnitude is de-
rived using the Wells and Coppersmith (1992) data set.
The down-dip rupture width (width in the fault plane),
w, is given by

In w(km) = -2.67 + 0.79M (Eq. V.5-12)
for dip-slip and oblique-slip events with M<8 and
strike-slip events with M<7. For strike-slip events with
M>7, the median w is constant at 17.5 km (Figure V.5-
11). The width-magnitude relation is approximately log
normally distributed with a standard error of 0.75 natu-
ral log units. The resulting mean hypocentral depth for
a given asperity depth is
hhypo = hasperity + 0.1exp( -2.67 + 0.79M)  (Eq. V.5-13)
This relation is plotted in Figure V.5-12. The complete re-
lation between hypocentral depth and asperity depth re-
quires a probability density function; however for ease

Table V.5-4

Large Magnitude Events with Estimated Slip Distributions

Asperity Hypocenter
Event M Depth(%) Depth(%) Reference
1971 San Fernando 6.5 0.46 0.72 Heaton, 1982
1976 Tabas 7.4 0.42 0.30 Hartzell & Mendoza, 1991
1979 Coyote Lake 5.9 0.52 0.67 Liu & Helmberger, 1983
1979 Imperial Valley 6.5 0.59 0.85 Hartzell & Heaton, 1983
1984 Morgan Hill 6.2 0.59 0.71 Hartzell & Heaton, 1986
1984 Borah Peak 7.3 0.74 0.76 Hartzell & Mendoza, 1988
1985 Nahanni 6.8 0.60 0.46 Wald, 1991
1986 N. Palm Springs 6.0 0.68 0.76 Hartzell, 1989
1987 Superstition Hills 6.6 0.55 0.68 Wald et al., 1990
1987 Whittier 6.0 0.67 0.50 Hartzell & lida, 1990
1989 Loma Prieta 7.0 0.46 0.80 Wald et al., 1990
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Figure V.5-10. Discrete probability distributions for the hypocenter and asperity
locations in terms of the fraction of the down-dip width. These probabilities
are based on slip models estimated for 11 large magnitude events.
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Figure V.5-12. Difference in median hypocenter depth and median
asperity depth as a function of magnitude as predicted by Eq. V.5-11.

of application in the regression analysis in Section 9,
only the mean hypocentral depth is used for the given
asperity depth.

The second extended-source effect results from geomet-
rical constraints on the fault rupture dimension. The
geometrical constraint is that the rupture width be con-
tained between 0 and 35 km depth. (The 35 km maxi-
mum depth is justified in Section 5.2.) The depths of the
top and bottom of the rupture are given by

Ztop(h,8,6,w,M) = h -sin(8) w(M) € (Eg. V.5-14)
and
Zbottom(h, 8,6, W M) = h + sin(8) w(M) (1-¢) (Eq. V.5-15)

where h is the hypocenter depth, 6 is the fault dip, and &
is the fraction of the down-dip width of the hypocenter
location. The probability that a given magnitude and
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hypocenter depth pair lead to a realizable solution (i.e.
meet the geometrical constraint) is given by

P(realizable | hM) =

ng ]90 fw
i=1 6=30 Jw=0

H(Ztop(h,e,Ei/WlM))

H(35'Zb0tt0m(hlelgilwlM))

fu(w,M) P(g) dw d6
(Eq. V.5-16)

where H is the heaviside function, f, is the probability
density function of the rupture width from Eq. V.5-13
(log normal), P(g;) is the probability of ¢; (treated as a dis-
crete variable), and n, is the number of discrete € consid-
ered. P(g) is computed from the distribution of
hypocenter locations shown in Figure V.5-10. The prob-
abilities for Eq. V.5-16 are listed in Table V.5-5 and are
plotted in Figure V.5-13 for magnitudes 5, 6, 7, and 8.

In Section 5.2, discrete empirical hypocenter depth dis-
tributions applicable for the ENA are developed. If the
probability of the hypocenter depth distribution is given
by P(hy), then the joint probability of a hypocenter and a
realizable solution for a given magnitude is given by

P(hjrealizable | M) = P(realizable | h;M) P(h;j
(Eq. V.5-17)

To preserve the total number events at each magnitude,
this probability needs to be normalized such that the
sum of the probabilities over all of the hypocenter
depths is unity. This normalization leads to the follow-
ing normalized probability

P(realizable | h;,M) P(h;)
Y P(realizable | h; M) P(h))
j=1

ﬁmj,realizable | M)

(Eq. V.5-18)

where ny, is the number of discrete hypocenter depths
considered.

V.5.3.1 Example

An example probability distribution for hypocenters is
shown in Figure V.5-14a. The normalized probability for
realizable depth distributions, B for a magnitude 7 event
is shown in Figure V.5-14b. The number of shallow hy-
pocentral depth events are significantly reduced. Based
on Eq. V.5-13, the corresponding asperity depth distri-
bution for a magnitude 7 event based on Eq. V.5-13
would be shifted to shallower depths by 1.7 km.

Table V.5-5

Probability of Realizable Hypocentral Depth and Magnitude Pairs

Hypocentral Depth

M 5 km 10 km 15 km 20 km 25 km 30 km
5.0 1.00 1.00 1.00 1.00 1.00 1.00
5.5 0.99 1.00 1.00 1.00 1.00 1.00
6.0 0.92 1.00 1.00 1.00 1.00 0.97
6.5 0.77 0.98 1.00 1.00 1.00 0.88
7.0 0.56 0.90 0.98 1.00 0.96 0.70
7.5 0.40 0.72 0.90 0.94 0.84 0.51
8.0 0.29 0.51 0.72 0.78 0.64 0.36
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Figure V.5-13. Probability that a hypocenter-magnitude pair is physically realizable due to geometrical
constraints on the rupture dimension (Eq. V.5-14). The rupture is restricted to the depth range of 0 to 35 km.
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Figure V.5-14. (A) Example hypocenter depth distribution from earthquake catalogs for
events with M>5. (B) Resulting hypocenter depth probability distribution after
accounting for the geometrical constraints on the rupture dimension (Eq. V.5-16).
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