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FOREWORD

The complex nature of man encompasses a desire for the gifts of peace, the
will to wage war, and magnanimity toward his fellow in misfortune. As
institutions and governments of man reflect these traits, the Office of
Foreign Disaster Assistance of the Agency for International Development acts
to carry out the deep-seated humanitarian concern that the people of the
United States have for the unfortunate victims of natural and manmade
calamities in other nations.

In the case of natural disasters, it is now widely recognized that mitigative
and preparatory steps taken before the event are the key to the ability of a
region or a community to survive and restore its normal functions within a
short time after the disaster. The Office of Foreign Disaster Assistance
recognized this fact and provided funds to the Geological Survey of the
United States to conduct a training course on geologic and hydrologic

hazards reduction for scientists and officials from other countries. Those
countries invited to participate either have experienced or may be subject

to the ravages of floods, earthquakes, volcanic eruptions, and landslides.
This document is a report of that course.

The purpose of the course was to provide a vehicle for the diffusion of
kncwledge and experience gained in the United States through hazard reduction
programs and in response to actual events. The course addressed basic questions:
what are the physical effects of these events, how can these effects be

avoided, and how can these effects be reduced if not avoided. We believe

that the training course advanced the complex process of information gathering,
research, and analysis that will answer these questions for each participant.

We hope that this effort ultimately will lead to actions that reduce loss
and suffering in hazard-prone regions and increase the spirit of goodwill
between nations.

John R. Filson
Chief, Office of Earthquakes,
Volcanoes, and Engineering
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SEISMIC HAZARDS

INTEGRATION, ANALYSIS, AND EVALUATION OF HAZARD DATA

By
S. T. Algermissen

U.S. Geological Survey

Golden, Colorado

INTRODUCTION

Estimation of seismic hazard requires careful integration, analyses, and
evaluation of all useful availlable data. A wide range of geological and
geophysical data are potentially useful in earthquake hazard assessment but
very commonly many kinds of useful data are not available. For example,
careful geologic investigations aimed at the discovery of Holocene or younger
fault breaks have been undertaken in only a few areas of the world.
Earthquake catalogs are frequently quite incomplete except for large shocks
and the geotechnical properties of the shallow (<500 meters) materials
underlying a region or site are generally not well known. However, a hazard
evaluation is always possible, even with limited data. Perhaps the most
important factor in developing a meaningful hazard evaluation is the skillful
use of the existing data.

HAZARD DATA

The geological and geophysical data available for hazard estimation must
be carefully reviewed. Emphasis here is on the word available. The type and
quality of the information will control the reliability of the hazard
evaluation. The following is a 1listing of data that, ideally, are needed for

hazard evaluation.

l. Seismicity

A. Earthquake Catalog — A reliable earthquake catalog containing the
hypocenter, size, and description of the distribution of shaking
(usually given in terms of intensity) of the earthquakes. Ideally,



5.

additional data such as the focal mechanism, evidence of surface
rupture (or lack of it), seismic moment and/or magnitude should also
be available.

B. Geological evidence of earthquake activity (fault slip data).

Seismotectonic features

Careful geologic mapping, particularly of Quaternary geology, with
particular emphasis on historic and Holocene faulting, should be assembled
if available. Division of areas into seismotectonic provinces is
desirable (see references in paper by Thenhaus). Many types of
geophysical data such as high resolution seismic reflection surveys,
gravity and magnetic maps, and selsmic refraction surveys may be useful in

delineating seismotectonic features or zones.

Seismic wave attenuation

The important sources of seismic wave attenuation data are intensity

observations and instrumental strong motion records.

Site response

Site response information can be obtained from intensity data. It may
also be obtained on a limited basis from: (a) strong motion records; (b)
special instrumental site response studies; and (c) from investigation of
the geotechnical properties of materials at shallow depths (generally less
than 500 meters) underlying the site or area of interest.

Potential for ground failure

Potential for soill liquefaction and or landsliding should be collected.

HAZARD ANALYSIS

Two important questions need to be addressed at the onset of a hazard

analysis.



1.

What are the objectives of the analysis? It is very important to identify

the purpose of the analysis, because different objectives require
different types of input data and varying levels of analysis and
sophistication in the results. For example, a hazard analysis aimed at
improving the lateral force requirements of a building code may be quite
different than an analysis to be used for disaster mitigation or for

nuclear power plant siting,.

Acceptable risk and its relation to hazard analysis. Hazard analysis

generally has associated with it the implicit idea that the hazard
analysis may be used to aid in the determination of the acceptable risk.
Acceptable risk i1s the amount or level of loss that society, a group, an
individual, etc., 18 willing to sustain without taking some additional
action to mitigate the risk. For example, an individual might continue to
live in a highly seismic region as long as his home is not heavily damaged
by earthquakes (acceptable risk), or he may seek professional engineering
advice to strengthen his home if is has been seriously damaged as a result
of an earthquake (unacceptable risk). Risks are often evaluated as
acceptable or unacceptable as a result of the effects of one earthquake,
several earthquakes over a short period of time, average losses over a

long period of time, or as a result of seismic hazard and risk assessments

based on geophysical and geological data.

It seems clearly desirable to form an opinion concerning acceptable risk
based upon scientific and engineering evaluation of the available data
before unacceptable losses are experienced. 1In this way unacceptable
risks can be mitigated through improved building codes, disaster
mitigation practices, land use planning, etc.

Parameters for Estimation of Ground Motion

A. Seismicity
1) Earthquake size
a) Magnitude
M = log A+G (r,h,f, wave types) where M is magnitude, A is
amplitude of the ground motion at a distance r produced by a



b)

c)

particular type of wave with frequency f. h is the focal
depth and G takes into account the attenuation of the wave
being considered as well as the source spectral amplitude.

Various magnitude scales used (ML Ms, m, etc).

Intensity
Description of effects classified according to intensity of
shaking (various scales, i.e., Modified Mercalli, MSK,

Japanese, etc).

Moment
Mo=uA d where Mo=moment; U is the rigidity modulus of the
crust, A 1is the areas of the ruptured fault surface, and d is

the average displacement of the fault surface.

2) Spatial distribution of earthquakes

a)
b)

epicentral maps with indications of depths

"energy” maps

3) Rate of occurrence of earthquakes

4)

a)

b)
c)
d)

e)

log N(M) = a~bM (Figure 1)
where N(M)

number of earthquakes occurring within a region
in a given time period with magnitude (M) greater than or
equal to M. a and b are constants to be determined. N(M) is
sometimes defined as the number of earthquakes in a given
magnitude range, rather than the cumulative number of

earthquakes.

Determination of a and b

Problems of catalog incompleteness (Figure 2)
Incorporation of geologic evidence of earthquake activity
(Figure 3)

M - I (intensity) relationships (Figure 4)

Mode of faulting

Effect on attenuation



B.

C.

D.

E.

5) Fault rupture length (Figure 5)

6) Determination of the upper bound magnitude

Seismotectonics

Delineation of seismic source zones (Figure 6)

Attenuation
Determination of (Figures 7, 8, and 9) an appropriate ground motion
parameter (acceleration, velocity, displacement, intensity, response

spectrum)

Site Response

Ground failure potential

Types of Hazard Analysis (Figures 10 and 11, Table 1)

1) Deterministic Model
a) Single event (Figure 12 and 13)
b) Composite events

c¢) Maximum ground motion from an ensemble of events

2) Probabilistic Model
a) Poisson Model (Figures 14, 15, and 16)
- Assumptions

- Applications

b) Time dependent models
- Assumptions

- Applications



GLOSSARY OF TERMS FOR PROBABILISTIC SEISMIC—RISK AND HAZARD ANALYSIS

ACCEPTABLE RISK - a probability of social or economic consequences due to
earthquakes that is low enough (for example in comparison with other
natural or manmade risks) to be judged by appropriate authorities to
represent a realistic basis for determining design requirements for
engineered structures, or for taking certain social or economic
actions.

ACTIVE FAULT - a fault that on the basis of historical, seismological, or
geological evidence has a high probability of producing an
earthquake. (Alternate: a fault that may produce an earthquake within
a specified exposure time, given the assumptions adopted for a specific
seismic-risk analysis.)

ATTENUATION LAW - a description of the behavior of a characteristic of
earthquake ground motion as a function of the distance from the source
of energy.

B-VALUE - a parameter indicating the relative frequency of occurrence of
earthquakes of different sizes. It is the slope of a straight line
indicating absolute or relative frequency (plotted logarithmically)
versus earthquake magnitude or meizoseismal Modified Mercalli
intensity. (The B-value indicates the slope of the Gutenberg-Richter
recurrence relationship.)

COEFFICIENT OF VARIATION - the ratio of standard deviation to the mean.
DAMAGE = any economic loss or destruction caused by earthquakes.

DESIGN ACCELERATION - a specification of the ground acceleration at a site,
terms of a single value such as the peak or rms; used for the
earthquake—-resistant design of a structure (or as a base for deriving a
design spectrum). See "Design Time History."

DESIGN EARTHQUAKE - a specification of the seismic ground motion at a site;
used for the earthquake-resistant design of a structure.

DESIGN EVENT, DESIGN SEISMIC EVENT - a specification of one or more
earthquake source parameters, and of the location of energy release
with respect to the site of interest; used for the earthquake-resistant
design of a structure.

DESIGN SPECTRUM - a set of curves for design purposes that gives
acceleration velocity, or displacement (usually absolute acceleration,
relative velocity, and relative displacement of the vibrating mass) as
a function of period of vibration and damping.

DESIGN TIME HISTORY = the variation with time of ground motion (e.g.,
ground acceleration or velocity or displacement) at a site; used for
the earthquake-resistant design of a structure. See "Design
Acceleration.”




DURATION - a qualitative or quantitative description of the length of time
during which ground motion at a site shows certain characteristics
(perceptibility, violent shaking, etc.).

EARTHQUAKE = a sudden motion or vibratiom in the earth caused by the abrupt
release of energy in the earth's lithosphere. The wave motion may
range from violent at some locations to imperecptible at others.

ELEMENTS AT RISK = population, properties, economic activities, including
public services etc., at risk in a given area.

EXCEEDENCE PROBABILITY - the probability that a specified level of ground
motion or specified social or economic consequences of earthquakes,
will be exceeded at the site or in a region during a specified exposure
time.

EXPECTED - mean, average.

EXPECTED GROUND MOTION <~ the mean value of one or more characteristics of
ground motion at a site for a single earthquake. (Mean ground motion.)

EXPOSURE - the potential economic loss to all or certain subset of
structures as a result of one or more earthquakes in an area. This
term usually refers to the insured value of structures carried by one
or more insurers. See "Value at Risk.”

EXPOSURE TIME <~ the time period of interest for seismic-risk calculations,
seismic—hazard calculations, or design of structures. For structures,
the exposure time is often chosen to be equal to the design lifetime of
the structure.

GEOLOGIC HAZARD - a geologic process (e.g., landsliding, liquefaction
soils, active faulting) that during an earthquake or other natural
event may produce adverse effects in structures.

INTENSITY = a qualitative or quantitative measure of the severity of
seismic ground motion at a specific site (e.g., Modified Mercalli
intensity, Rossi-Forel intensity, Housner Spectral intensity, Arias
intensity, peak acceleration, etc.).

LOSS = any adverse economic or social consequence caused by one or more

earthquakes.
MAXIMUM - the largest value attained by a variable during a specified ex-
posure time. See "Peak Value."
MAXIMUM CREDIBLE These terms are used to specify the largest value of a
MAXIMUM EXPECTABLE variable, for example, the magnitude of an earthquake,
MAXIMUM EXPECTED that might reasonably be expected to occur. In the
MAXIMUM PROBABLE Committee's view, these are misleading terms and

their use is discourage. (The U.S. Geological Survey
and some individuals and companies define the maximum
credible earthquake as "the largest earthquake that
can be reasonably expected to occur.” The Bureau of




Reclamation, the First Interagency Working Group
(Sept. 1978) defined the maximum credible earthquake
as "the earthquake that would cause the most severe
vibratory ground motion capable of being produced at
the site under the current known tectonic frame-
work."” It is an event that can be supported by all
known geologic and seismologic data. The maximum
expectable or expected earthquake 1s defined by USGS
as "the largest earthquake that can be reasonably
expected to occur.” The maximum probable earthquake
is sometimes defined as the worst historic earth-
quake. Alternatively, it is defined as the 100-year-
return—period earthquake, or an earthquake that
probabilistic determination of recurrence will take
place during the life of the structure.)

MAXIMUM POSSIBLE - the largest value possible for a variable. This follows
from an explicit assumption that larger values are not possible, or
implicitly from assumptions that related varlables or functions are
limited in range. The maximum possible value may be expressed
deterministically or probabilistically.

MEAN RECURRENCE INTERVAL, AVERAGE RECURRENCE INTERVAL - the average time
between earthquakes or faulting events with specific characteristics
(e.g., magnitude > 6) in a specified region or in a specified fault
zone.

MEAN RETURN PERIOD = the average time between occurrences of ground motion
with specific characteristics (e.g., peak horizontal acceleration
2 0.1 g) at a site. (Equal to the inverse of the annual probability of
exceedance.)

MEAN SQUARE - expected value of the square of the random variable. (Mean
square minus square of the mean gives the variance of random variable.)

PEAK VALUE - the largest value of a time—dependent variable during an
earthquake.

RESPONSE SPECTRUM - a set of curves calculated from an earthquake
accelerogram that gives values of peak response of a damped linear
oscillator, as a function of its period of vibration and damping.

ROOT MEAN SQUARE (rms) = square root of the mean square value of a random
variable.
SEISMIC-ACTIVITY RATE - the mean number per unit time of earthquakes with

specific characteristics (e.g., magnitude > 6) originating on a
selected fault or in a selected area.

SEISMIC-DESIGN-LOAD EFFECTS =~ the actions (axial forces, shears, or bend-
ing moments) and deformations induced in a structural system due to a
specified representation (time history, response spectrum, or base
shear) of seismic design ground motion.



SEISMIIC-DESIGN LOADING - the prescribed representation (time history,
response spectrum, or equivalent static base shear) of seismic ground
motion to be used for the design of a structure.

SEISMIC~DESIGN ZONE - sgeismic zone.

SEISMIC EVENT - the abrupt release of energy in the earth's lithosphere,
causing an earthquake.

SEISMIC HAZARD - any physical phenomenon (e.g., ground shaking, ground
failure) associated with an earthquake that may produce adverse effects
on human activities.

SEISMIC RISK - the probability that social or economic consequences of
earthquakes will equal or exceed specified values at a site, at several
sites, or in an area, during a specified exposure time.

SEISMIC~RISK ZONE = an obsolete term. See "Seismic Zone."

SEISMIC~SOURCE ZONE - an obsolete term. See "Seismogenic Zone" and
"Seismotectonic Zone."

SEISMIC ZONE - a generally large area within which seismic-design require-
ments for structures are constant.

SEISMIC ZONING, SEISMIC ZONATION - the process of determining seismic
hazard at many sites for the purpose of delineating seismic zones.

SEISMIC MICROZONE - a generally small area within which seismic-design
requirements for structures are uniform. Seismic microzones may show
relative ground motion amplification due to local soil conditions
without specifying the absolute levels of motion or seismic hazard.

SEISMIC MICROZONING, SEISMIC MICROZONATION - the process of determining
absolute or relative seismic hazard at many sites, accounting for the
effects of geologic and topographic amplification of motion and of
selsmic microzones. Alternatively, microzonation is a process for
identifying detailed geological, seismological, hydrological, and
geotechnical site characteristics in a specific region and
incorporating them into land-use planning and the design of safe
structures in order to reduce damage to human life and property
resulting from earthquakes.

SEISMOGENIC ZONE, SEISMOGENIC PROVINCE - a planar representation of a three-
dimensional domain in the earth's lithosphere in which earthquakes are
inferred to be of a similar tectonic origin. A seismogenic zone may
represent a fault in the earth's lithosphere. See "Seismotectonic
Zone."

SEISMOGENIC ZONING - the process of delineating regions having nearly
homogeneous tectonic and geologic character, for the purpose of drawing
selsmogenic zones. The specific procedures used depend on the
assumptions and mathematical models used in the seismic-risk analysis
or seismic~hazard analysis.



SEISMOTECTONIC ZONE, SEISMOTECTONIC PROVINCE - a seismogenic zone in which
the tectonic processes causing earthquakes have been identified. These
zones are usually fault zones.

SOURCE VARIABLE - a variable that describes a physical characteristic
(e.g., magnitude, stress drop, seismic moment, displacement) of the
source of energy release causing an earthquake.

STANDARD DEVIATION - the square root of the variance of a random variable.
UPPER BOUND - see "Maximum Possible.”

VALUE AT RISK -~ the potential economic loss (whether insured or not) to all
or certain subset of structures as a result of one or more earthquakes
in an area. See "Exposure.”

VARIANCE - the mean squared deviation of a random variable from its average
value.

VULNERABILITY -~ the degree of loss to a given element at risk, or set of
such elements, resulting from an earthquake of a given magnitude or
intensity, which is usually expressed on a scale from O (no damage) to
10 (total loss).
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TABLE 1

*

SUMMARY OF EARTHQUAKE RECURRENCE FORMULAS
2
EARTHQUAKES PER 100 YEARS PER 100,000 KM.
AREA RISK ZONE
v Vi vii Vit
1. 2. California, 3,2 300 84.6 23.8 6.72
Nevada
4. Montama, ldaho, 3,2 64.4 17.7 4.89 1.35
Utah, Arizoma
3. Puget Sound, 3,2 68.0 16.3 3.92 0.94
Washington
8. Mississippi 3,2,1 24.2 7.65 2.42 0.76
Valley, St. Law-
rence Valley
7. Nebraska, Kansas, 2,1 13.0 4,20 1.35 0.45
Oklahoma
5. Wyoming, Colorado, 3,2,1 32.8 6.85 1.42 0.3
New Mexico
6. Oklahoma, North 2,1 13.3 3.73 1.07 0.30
Texas
9. East Coast 3,2,1 12.8 3.39 0.88 0.23

* See Figure 10 for location of zome.
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PROCEDURES FOR ESTIMATING EARTHQUAKE GROUND MOTIONS
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PROCEINRES FOR ESTIMATING EARTHQUARE GROUND MOTHONS
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Figure 11. Steps in estimating ground motion for design of earthquake—

resistant structures.
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THE SELECTION AND DEVELOPMENT OF STRONG MOTION SCALING
RELATIONSHIPS FOR SEISMIC HAZARD STUDIES

By

Kenneth W. Campbell
U.S. Geological Survey

Golden, Colorado

ABSTRACT

Research on strong ground motion characteristics conducted in the last
ten years (1974-1984) form the basis for a detailed discussion of important
factors that should be considered when selecting or developing strong-motion
scaling relations for use in earthquake engineering and seismic hazard
studies. While emphasis is placed on the empirical prediction of ground
motion parameters, there is a brief discussion of procedures that can be used
when sufficient strong-motion data are not available with which to perform an
adequate statistical analysis. The discussion is followed by a tabulated
summary of selected strong—motion scaling reltions that have been proposed and
developed in the last ten years to acquaint the reader with the types of

relationships that are currently available.

INTRODUCTION

Studies concerned with the evaluation of seismic hazards associated with
ground shaking require the prediction of strong ground motion from earthquakes
that pose a potential threat to the facility. In order to make such a
prediction, one must know certain fundamental characteristics of the
earthquake, or source of the seismic waves, the medium through which the waves
propagate, the local geology of the site, and the structures comprising the
facility. If sufficient numbers of strong-motion recordings having the
required characteristics are available, then it is straightforward to select
an ensemble of these recordings for use in the evaluation or design of the

facility (Fallgren et al., 1974; Jennings and Guzman, 1975; Guzman and
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Jennings, 1976; Bernreuter, 198la; Kimball, 1983; Campbell, 1984a; Heaton
et al., 1984). Estimates of strong motion using this approach are currently

referred to as site-specific.

For most applications, site—-specific procedures are not feasible due to
an insufficient number of recordings having the appropriate characteristics.
This is especially true for probabilistic analyses where a wide range of
earthquake sizes and locations are hypothesized, or where near-—source
estimates of ground motion are required. In such cases, a predictive model is

needed. Such a model, referred to as a scaling or attenuation relationship,

is expressed as a mathematical function relating a strong-motion parameter to
parameters of the earthquake, propagation medium, local site geology, and

structure (Figure 1). While less common, the term scaling relationship is

used throughout this paper in lieu of the term attenuation relationship. This
latter term applies only to the distance attenuation properties of the
relation and omits any description of other important scaling properties, such

as those related to earthquake magnitude or site effects.

The remainder of this paper will be concerned with those factors that
should be considered in the selection or development of a strong-motion
scaling relation for use in both deterministic and probabilistic seismic
hazard studies. The discussion is divided into five elements: (1) the
selection of parameters, (2) the selection of a data base, (3) the selection
of a model or functional equation, (4) selection of an analysis procedure, and
(5) evaluation of the relationship. Emphasis is placed on relationships
derived from ground-motion recordings, however, there is a brief discussion of
procedures that may be used when sufficient strong—-motion data are not
available. Following this is a summary of selected scaling relationships for
peak acceleration, peak velocity, and other simple indices of strong ground
motion that have been developed in the last 10 years. Other general
discussions on this subject may be found in Idriss (1978) and Boore and Joyner
(1982).
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PARAMETER SELECTION

In statistical terminology, the parameter to be predicted, in this case a

strong-motion parameter, is referred to as a dependent variable. The

parameters used to predict this variable are referred to as independent
variables. There are two important factors to be considered in the selection
of a parameter as an independent variable. First, the parameter should be
reliable. That is, it should be characteristic of the earthquake, propagation
medium (path), site, or structure it is meant to represent, and its estimation
from existing data should be reasonably accurate and precise. Second, since
the scaling relationship will be used to predict strong ground motion for
future hypothesized events, the parameter should be predictable. That is, it
should be easily estimated from known seismotectonic characteristics of the

region under study.

Concerning the selection of a dependent variable, one should choose a
strong-motion parameter (or parameters) that best relates to the purpose of
the prediction, whether it be for zoning, planning, or design. While all
would agree that the parameter selected should be representative of the
seismic performance or damageability of the structure under consideration,
there remains considerable controversy as to what parameters best relate to
these effects. This stems from a poor understanding of what characteristics
of ground motion cause damage in specific structures, a topic currently the
subject of two important workshops (Applied Technology Council, 1984;
Earthquake Engineering Research Institute, 1984). It has become increasingly
clear to the earthquake engineering community that peak acceleration alone is
not adequate to characterize the seismic performance of structures (Sharpe,
1982; Campbell and Murphy, 1983; Kennedy, et al., 1984), although this has
been known for sometime by experienced structural dynamicists (e.g., Housner,
1971). The remainder of this section will present a discussion of the various
parameters that may be used to represent dependent and independent variables
and factors that should be considered in selecting specific parameters to be

used for the prediction of strong ground motion.
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Strong—-Motion Parameters

One must first decide what strong—-motion parameter is to be predicted.
Peak ground acceleration is most commonly used; however, as discussed above,
it has come under much criticism for its lack of correlation with observed
structural performance during past earthquakes. This has led several
investigators to study a number of other parameters, including peak velocity,
response spectra, and Fourier spectra; as well as several energy related
parameters such as Arias intensity, r.m.s. acceleration, power spectral
density, and spectrum intensity. A list of references for publications

relating to these strong-motion parameters may be found in the Bibliography.

The acceleration time history is probably the most comprehensive
description of ground motion one could use in earthquake engineering
applications. It has the potential for incorporating all the salient features
of ground motion, in both the time and frequency domains, and can be used in
elastic and inelastic analyses of all types of structures. However, such
time-domain analyses are extremely expensive and time consuming to perform and
are not feasible for most engineering applications. The response spectrum is
probably the most complete description of ground motion that is easily used by
design engineers (Sharpe, 1982), but these data are not as readily available
nor as complete as, say, peak acceleration. They also require the development
of several scaling relationships, one for each structural period and damping

of interest.

Because strong gound motions are usually recorded on three orthogonal
components, one must decide which component(s), horizontal or vertical, are to
be predicted. In addition, treatment of strong—motion parameters from the two
horizontal components can include the use of (1) the largest of the two
components, (2) both components, (3) the mean of both components, or (4) the
vectoral combination of both components. The use of both horizontal
components results in a prediction representing a random selection.of
components and is found to give median predictions identical to those using
the mean of the two horizontal components (Campbell, 1982a). While the use of

either a random compounent or the mean component is preferred over the use of
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the largest component from an engineering point of view (Donovan, 1982a), the
writer prefers the mean or vectoral component over the random component for
two reasons. First, there is larger scatter associated with the random
component as compared to the mean component (Campbell, 1982a) and, second,
because of the strong correlation between the two horizontal components, the
use of both components as independent data points will artificially increase
the statistical significance of the resulting analyses by increasing the

number of degrees—of-freedom.

Earthquake Parameters

The parameter most commonly used to characterize earthquake size in
strong-motion scaling relationships 1is earthquake magnitude. This comes in
part as a result of magnitude being the only source parameter routinely
reported by seismographic networks. However, other source parameters used in
the past have included source dimensions (Ts'ao, 1980; Bernreuter, 1981b),
seismic moment or moment magnitude (Hanks, 1979; McGuire and Hanks, 1980;
Hanks and McGuire, 1981; Joyner and Boore, 1981, 1982), and stress drop (Hanks
and Johnson, 1976; Hanks, 1979; Ts'ao, 1980; Bernreuter, 1981b; McGuire and
Hanks, 1980).

While stress drop is an important source parameter from a theoretical
point of view, in practice its estimation is associated with a large degree of
uncertainty. This, coupled with the results of several studies that suggest
that localized stress drop may be relatively independent of other measures of
earthquake size (Hanks and McGuire, 1981; Aki, 1982; Papageorgiou and Aki,
1983) and that static stress drop does not correlate with r.m.s. acceleration
(Hanks and McGuire, 1981), would indicate that stress—drop parameters are not
very reliable. Seismic moment, or its equivalent moment magnitude (Hanks and
Kanamori, 1979), is preferred by some investigators (e.g., Boore and Joyner,
1982) because it corresponds to a well-defined physical property of the
source. While this may be true, its use is currently hindered by its poor
reliability. Only recently has routine calculations of seismic moment become
available. For many past earthquakes, as well as most smaller events, seismic

moment is unavailable or only crudely estimated. As a result, Joyner and
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Boore (1981) were forced to use local magnitude (ML) in place of moment

magnitude for several earthquakes in their data set.

Earthquake magnitude, although routinely reported and universally used as
a measure of earthquake size, is not without its limitations. The variety of
magnitude scales that exist can lead to confusion in comparing various
predictions. There is also a clear tendency for all scales, except moment
magnitude, to reach a limiting value (saturate) as the size of the earthquake
increases (Figure 2). Because most magnitude scales are based on the peak
amplitude of an instrumental recording, one might expect a good correlation
between magnitude and a ground-motion parameter of similar frequency. For
example, Boore (1980) found a strong correlation between peak velocity and
peak amplitude of a Wood-Anderson seismograph, suggesting a direct
relationship between peak velocity and Mj. Extending this logic, short-period
estimates of ground motion, such as peak acceleration or short-period spectral
estimates, might be expected to correlate best with short—period estimates of
magnitude such as my (body-wave magnitude) or M; (local magnitude), and long-
period estimates of ground motion might be expected to correlate best with Mg
(surface-wave magnitude) or M (moment magnitude). It should be pointed out,
however, that complications in this logic arise because of the broad-band
frequency characteristics of strong ground motion and those instruments used
to record them as compared to the narrow-band response of instruments used to
compute magnitude (Boore and Joyner, 1982), and because of the stochastic
nature of large, extended ruptures (McGuire and Hanks, 1980; Hanks and
McGuire, 1981).

A critical element in the choice of a magnitude scale involves the
specification of the magnitude of a future hypothetical earthquake. Because
of limitations of most magnitude scales, magnitudes are usually specified in
terms of one or more different scales. For instance, surface—~wave magnitudes
are not reliably determined for magnitudes of about 6 M; and below and,
because of saturation, M and my become relatively independent of earthquake
size for magnitudes near 7. Therefore, magnitudes are generally specified in
terms of my or M, for smaller earthquakes and M, for larger earthquakes. This

dual use of magnitude scales is consistent with the interpretation of the
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Richter magnitude scale by Nuttli (1979), who suggests that the widely used
Richter scale represents M; for magnitudes less than about 6 and Mg for larger
earthquakes. A similar generic scale has been used in relationships among
earthquake source dimensions and magnitude (Slemmons, 1977), which form the
basis for estimating maximum magnitudes for many faults. Therefore, if the
scaling relation is to represent a wide range of magnitudes, it may be
desirable to use a dual magnitude scale to be consistent with the application
of the relationship (e.g., Campbell, 198la). For regions outside the Western
United States, it is probably more appropriate to replace M by m, a standard
worldwide measure of magnitude, or some similar regional magnitude scale
(e.g., Mg in the Eastern United States). Whatever scale is used, it is

important to clearly state the choice and- be consistent in its use.

Chung and Bernreuter (1981) and Nuttli and Herrmann (1982) have observed
regional differences in magnitude determinations for my that should also be
considered in the development and application of scaling relationships. They
found that the determination of my is strongly affected by regional variations
in the Q structure (attenuation characteristics), composition, and physical
state within the earth. For example, because of differences in attenuation
properties between the Western and Eastern United States, a regional my
magnitude bias exists, which, depending on where the earthquake occurs and
where the ground motion is recorded, can lead to magnitudes as much as one-
third unit larger in the Eastern United States. Chung and Bernreuter (1981)
also point out that when using regional catalogs to obtain magnitudes, it is
often necessary to determine how the reported magnitudes were determined.
This may also be true for more universal scales. For example, a significant
change in the my scale occurred in the early 1960's when the World-Wide
Standard Seismograph Network (WWSSN) was established. This change in
instrumentation had a significant effect on estimated magnitudes and the
saturation level of the my, scale (e.g., compare my, and mp in Figure 2). The
older, longer period instruments recorded larger magnitudes than can be

recorded with the WWSSN instruments.

Another earthquake source parameter found to be related to strong ground

motion is fault or focal mechanism. Campbell (1983), in his empirical
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analysis of near-source ground motion, found that reverse and reverse-oblique
mechanisms are associated with ground motions approximately 30-40 percent
larger than strike-slip mechanisms. Young (1980a) attributes this difference
to regional differences in stress drop. This 1s consistent with theoretical
analyses of McGarr (1982), who suggests that the highest levels of peak
acceleration are associated with reverse faults, the next highest with strike-
slip faults, and the lowest with normal faults, and Anderson and Luco (1983),
who together with McGarr find differences in strong motion based on
differences in tectonic stress as well as differences due to the geometry of
the fault plane. Other source effects found to influence strong ground motion
are source directivity (Boatwright and Boore, 1982; Singh, 1983) and passage
of the rupture front (Luco and Anderson, 1984). The latter effect is

especially significant for sites located near the fault.

Propagation parameters

These parameters characterize the effects of wave scattering, geometrical
attenuation, and anelastic attenuation of ground motion as it travels from the
source to the site. The independent variable universally used to characterize
these parameters is distance. The attenuation parameters themselves are
usually determined from the data. Exceptions to this will be discussed
later. Because earthquake rupture can extend over tens to hundreds of
kilometers, a number of distance measures have come into use (Figure 3). The
measure actually used should depend on the specific application. For sites
located several source dimensions from the earthquake, there is little
difference between distance measures. However, for shorter distances, the
difference between measures becomes significant. 1In the near-source region,
where predictions are of gratest concern, the use of epicentral or hypocentral
distance (Ml and M2 in Figure 3) leads to considerably greater scatter in
estimates of strong ground motion than the use of distance measures
representing closest distance to the fault (M4 and M5). Schnabel and Seed
(1973) first recognized the importance of using a fault distance measure for
sites near the rupture, and most recent studies have adopted such a measure
(see Table 2). Notable exceptions are the relationships of Trifunac (1976b),
McGuire (1978b), and Hanks and McGuire (1981), which utilize epicentral or
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hypocentral distance. Most of these investigators, however, acknowledge that
their relationships should not be used at near-fault distances, that is,

within several source dimensions of the rupture zone.

Some investigators have argued that using a fault distance measure can
lead to biased predictions, especially if the strong-motion stations used in
the analysis have a nonrandom distribution around the fault and if the strong
motions come from a localized source (or sources) on the fault (Shakal and
Bernreuter, 1981; Toro, 1981). This latter concept of a localized source is
represented by distance measure M3 in Figure 3. While the distribution of
stations are rarely random for a particular earthquake, the randomization
introduced by considering recordings from an ensemble of earthquakes should
help to reduce this possible bias. In any case, Boore and Joyner (1982) point
out that the placement of recording instruments from which the data are
obtained and the placement of structures (or sites) for which predictions are

to be made are comparable sampling processes from a statistical point of view.

If the strong motions are radiated from small areas of the fault rupture
surface (referred to as asperities), then a fault distance measure would tend
to underestimate the actual distance to these localized sources. This is not,
however, a serious limitation in practice. While it may be possible to
identify these asperities for some past earthquakes, it is virtually
impossible to anticipate their locations during future events. Thus, such a
distance measure is unpredictable. Because of this, most earthquake senarios,
whether for probabilistic or deterministic applications, use the closest
approach of the fault, tectonic structure, or earthquake rupture as the
representative distance from a hypothesized earthquake. This is completely
consistent with the definition of the closest distance measures M4 and M5 in
Figure 3 and justifies their use in scaling relationships used to predict
strong ground motions from such events. If, however, an analysis hypothesizes
earthquake sources to be equally distributed along a fault or within an area,
with no accommodation of source rupture, then epicentral distance, hypocentral
distance, or distance to the energy center would be the more appropriate
measure to use. In this case, scaling relationships in terms of fault

distance will indeed underestimate the true ground motions.
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Site Parameters

Traditionally, site parameters have been related to simple geologic
descriptions of the recording stations. The simplest and most common
characterization has been the classification of sites as soil or rock. More
sophisticated classifications have been based on surface geology, depth of
deposits, and seismic velocity. A summary of classification schemes used in
the last 10 years is presented in Table 1. The diversity of site
classifications used in the past attests to the complex and poorly understood
relationship between strong ground motion and site characteristics. While the
classifications in Table 1 may be used as a guide in establishing site
parameters for strong-motion scaling relatioms, they should not be adopted
without careful consideration of several factors. One such factor is the
complex relationship between site and structure effects. Crouse (1978)
suggests that effects attributed to the free—field response of the recording
site in the past may actually reflect a modification of the ground motion by
the structure housing the instrument. This was confirmed by Campbell (1983)
who found that factors such as fault mechanism, site topography, soil depth,
instrument embedment, and structure size, if not properly accounted for in the
development of strong-motion scaling relatioms, can significantly influence

the quantification of site effects.

Campbell (1981la, 1983), Chiaruttini and Siro (1981), and Fracciecli (1981)
have recently observed a large amplification (as much as a factor of two) in
accelerations associated with shallow soil deposits for sites located near the
source of small to moderate earthquakes. The classification of these shallow
sites as rock, a common practice in the past, can significantly increase
estimates of short-period components of strong ground motion for rock if
enough of these sites are included in an analysis. One should also be aware
of the possible effects of site topography. The significant influence of
topography was first documented for the Pacoima Dam recording of the 1971 San
Fernando earthquake by Boore (1973) and Mickey et al. (1973). Campbell (1983)
finds that the majority of rock recording sites in the United States are

situated in areas of steep topography, suggesting that this may have
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influenced the relationship between rock and soil response found in past
analyses. Instrument embedment is another factor to be considered (Campbell,
1983, 1984b). 1Its influence can be significant, especially for near-source
recordings of small earthquakes (Campbell, 1979).

The site classification scheme selected should be compatible with the
strong~motion parameter being predicted. Different site characteristics will
influence each strong-motion parameter differently, and their effects will
vary depending on the distance of the recording from the source and the size
of the earthquake. These differences relate to differences in the frequency
coutent of the ground motion. For example, while shallow soils have been
observed to amplify accelerations at sites located relatively near the source,
peak velocities are found to be virtually unaffected by such shallow depths
(Campbell, 1983). The depth of the sediments (i.e., the depth to basement
rock) is a parameter that correlates only with moderate- to long-period

components of strong ground motion (Trifunac and Lee, 1978a).

Structure Parameters

If free—-field predictions of strong ground motion are desired, then
parameters characterizing the effect of the structure in which the recording
was obtained may be required. These effects have been usually neglected or
confused with the effects of site response in the past. However, recent
empirical studies (Figures 4, 5, and 6) have indicated that ground motions can
be significantly affected by the size and embedment of a building (Crouse,
1978; Boore et al., 1980; McCann and Boore, 1982; Campbell, 1983, 1984b),
confirming the results of theoretical soil-structure interaction analyses.
Boore et al. (1980) classified structures into large buildings (greater than
two stories in height) and small buildings or shelters and found significant
differences in peak accelerations recorded during the 1971 San Fernando
earthquake. This formed the basis for excluding large buildings in their
subsequent analyses (Joyner and Boore, 1981, 1982). Campbell (1979, 198la,
1982a, 1984b) found differences in peak accelerations between embedded and
ground-level buildings, and Campbell (1983, 1984b) gives evidence showing

systematic differences in peak acceleration between buildings of different
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height. As with site parameters, these effects will vary depending on the
strong-motion parameter investigated, distance to the source, and size of the

earthquake.

Mickey et al. (1973) and Riemer et al. (1973) document the effects of the
response of Pacoima Dam on the abutment instrument recording during the 1971
San Fernando earthquake. This suggests that the responses of dams may also
have to be considered in the development of strong-motion scaling relations.
In fact, Joyner and Boore (1981, 1982) removed recordings on the abutments and
toes of dams for this reason. Bycroft (1978), Crouse (1983), McNeill (1983)
and Campbell (1983, 1984b) indicate that so-called free-field recordings can
be amplified substantially by small instrument shelters, especially if they
are founded on very soft soils. Recordings obtained at the Differential Array
in E1l Centro, California during the 1979 Imperial Valley earthquake are
evidence of this potentially important effect (Figure 7).

DATA SELECTION

Once the dependent and independent parameters have been selected, a data
base must be chosen. Selection criteria should be established to insure that
minimum standards of quality and consistency are met. If this is not done
biases will be introduced into the analyses, resulting in increased scatter in
the predictions. Significant bias and scatter can be largely avoided if
records are selected to represent (1) tectonic provinces of similar
attenuation and source characteristics, (2) recording instruments of similar
response characteristics, (3) consistent and accurate record processing
techniques, and (4) consistent definitions of strong-motion, earthquake, path,
site, and structure parameters. Data should be selected to represent the
range of parameters for which predictions are to be made. Inclusion of data
outside this range can also result in increased bias and scatter in the
preditions. Another potential source of bias arises when independent
variables are highly correlated. This results in biased estimates of
coefficients during regression analysis. Scatter plots (Figure 8) or
correlation analyses may be used to identify any significant correlations that
may exist. A modification of the selection criteria may be required if

significant biases are found.
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Consistency among the data may be obtained by either excluding those
records that do not meet the recording characteristics to be predicted or by
including parameters that adequately account for these characteristics. The
first technique is used when undesirable recordings make up a relatively small
percentage of the total data set or when there is sufficient data having the
appropriate characteristics for a statistically stable analysis. The most
common application of this technique has been the selection of data based on
site characteristics (Schnabel and Seed, 1973; Seed et al., 1976a,b; Donovan
and Bornstein, 1978; Fraccioli, 1978; Sadigh et al., 1978; Boore et al. 1980;
Seed and Idriss, 1982; Idriss, 1983); however, others have used this procedure
to segregate data by magnitude (Seed et al., 1976b; Sadigh et al., 1978; Boore
et al., 1980; Bolt and Abrahamson, 1982) and structure size (Boore et al.,
1980; Campbell, 1982a, 1983; Joyner and Boore, 1981, 1982). The second
technique 1s used when a parameter represents an independent variable required
for the prediction, such as magnitude or distance, or excluding the

undesirable data would leave too few data for a stable statistical analysis.

Data should not be removed from the data base when they represent a
random characteristic of the earthquake, path, site, or structure. A random
characteristic is one that cannot be reliably predicted in the future. For
example, the azimuthal variations in ground motion due to source radiation
patterns and directivity (directional focusing) require a knowledge of the
location and direction of rupture, characteristics generally not known in
advance. The scatter represented by these data reflect a true random
uncertainty in the prediction of a strong-motion parameter. Such random
uncertainty can be appropriately accounted for in both probabilistic and
deterministic analyses. Inclusion of data that represent a systematic
characteristic of the earthquake, path, site, or structure will lead to a
biased (higher) estimate of the uncertainty in the strong-motion parameter.
This bias 1s extremely critical when uncertainty 1s treated as random scatter
in probabilistic analyses for which predictions are made for small probability

levels (long return periods).
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MODEL SELECTION

The next step in the development of a strong-motion scaling relationship
is the selection of a mathematical function or model relating the independent
and dependent variables. The functional form of the model will depend, in
general, on the use of the relationship and the data base selected. If the
data base represents a relative uniform subset of data, then a function having
only a few parameters would be appropriate. If predictions are to be
restricted to a range of parameters well-represented by the data (e.g., near
the centroid of the magnitude-distance space defined in Figure 8), then a
relatively simple empirical model would be justified. However, if the scaling
relationship is to be extrapolated much beyond the centroid of the data, then
it is important that the model have a physical basis for such an extrapolation

to be meaningful.

The physical basis of scaling relationships used in the past have been
restricted only to the most fundamental principles of seismology and
geophysics. However, this has given little information on what form the
function should take at distances close to the fault where details of the
rupture process become important. Modeling this process can help to define
the form of the function in this critical region (e.g., McGarr et al., 1981;
Hadley et al., 1982; Scholz, 1982; Gusev, 1983).

The general form chosen by most investigators in the past is
Y = by £,(M) £5(R) £3(M,R) £4(P;) € (1)

in which Y is the strong-motion parameter (dependent variable); f;(M) is a
function of the magnitude scale M; fz(R) is a function of the distance measure
R; f3(M,R) is a joint function of M and R; f4(Pi) is a function representing
parameters of the earthquake, path, site, or structure; and € is a random

variable representing the uncertainty in Y.

In its most common form, the function f;(M) is an exponential function of

magnitude,
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sz
fl(M) = e

(2)
which comes from the basic definition of magnitude as a logarithmic measure of
ground motion amplitude (Richter, 1958). However, others have used the
exponential of a quadratic of magnitude and the reciprocal of magnitude to

represent this function.

The most common form for fz(R) is

b,R -b

4 3
[R+b5]

£,(R) = e (3a)
where the term in brackets accounts for attenuation due to geometrical
spreading (b3 representing the geometrical attenuation rate) and the
exponential of R accounts for anelastic attenuation, that is, material damping
and scattering (b4 representing the coefficient of anelastic attenuation).
Both of these functions come from basic principles of wave propagation in
elastic media. The coefficient bg is used by some investigators to limit the
value of Y at zero distance, a property referred to as saturation (in this
case saturation with distance). This is especially necessary when a distance
measure, such as epicentral distance or distance to the fault trace, is used,
which can take on values of zero. An alternate expression commonly used in
place of equation (3a) is

—b3

[V’ b ] (3b)

b4R
fz(R) = e

where the term in brackets is consistent with the definition of hypocentral
distance. Some investigators (e.g. Bolt and Abrahamson, 1982; Brillinger and
Preisler, 1984) have used more complicated expressions to account for the
distance saturation properties of strong ground motion, but some of these have
no physical basis. Variations in distance scaling characteristics due to

differences in functional models is demonstrated in Figure 9.
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The function f3(M,R) is used to account for differences in magnitude

scaling with distance. In its most common form, this function is given by the

expression

bM -b
£4(M,R) = [R + bee 7 3

] )

which simply replaces bg in equation (3a) with an exponential function of
magnitude. A similar function has been used in place of b; in equation (3b)
by some investigators. For negative values of by, as is generally the case,
this function reduces the amount of magnitude scaling at short distances,
another form of saturation (in this case saturation with magnitude).
Magnitude saturation of peak acceleration near the fault is a property
proposed on both empirical and physical grounds (e.g., Campbell, 198la; Chung
and Bernreuter, 1981; McGarr, 1982; Campbell and Niazi, 1982; Hadley et al.,
1982; Gusev, 1983; Munguia and Brune, 1984; Joyner, 1984; see also Campbell,
198la for a list of earlier references). An alternate expression for this
function involves replacing by in equation (3a) by a linear function of

magnitude, b3M, though this appears to have no physical basis.

The function fA(Pi) is usually represented by an expression of the form

b.P,
£,(p,) = Ie ri (5)

While somewhat arbitrary, this expression agrees with empirical evidence
suggesting that most source and site effects are multiplicative. The most
common parameter included in this expression is that related to geologic
classifications of the site; however, parameters relating to characteristics
of the earthquake, path, site, or structure have been included in this way
(see Table 2). Although not commonly done, one could add functions of
magnitude and distance to equation (5) if P; is found to correlate with these

parameters.
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The random variable € is usually assumed to be lognormally distributed,
although this is not a requirement in most analysis techniques. Some
justification comes from the exponential form of the functions used in
equation (1), and the property that the product of lognormally distributed
variables is itself lognormally distributed. An a posteriori empirical

justification in support of a lognormal distribution for € comes from
statistical tests on the observed scatter about the predicted values of Y
(Esteva, 1970; Donovan, 1973; Donovan and Bornstein, 1978; McGuire, 1978a;
Campbell, 198la), but this may be biased by the assumed functional form of the
relationship.

SELECTION OF ANALYSIS PROCEDURE

Having selected a model, one must choose a procedure for determining the
unknown coefficients (the b's) in equations (1) through (5). Such a procedure
is referred to as regression analysis. Because of the apparent lognormal (or
near lognormal) distribution for Y, the strong-motion parameter to be
predicted, regressions are usually done on the logarithm of Y, giving the

model

y = 1n by + In[£, 0] + In[£,(R)] + 1n[£,(0,R)] + In[£, (P )] + € (6)

where y=ln Y and €'=ln €. €' is a random variable with a mean of zero and a
standard deviation of o. The term o is referred to as the standard error of
estimate of y. If ¢ is lognormally distributed, then €' will have a normal
(Gaussian) distribution. This, however is not a necessary requirement for
regression analyses. It is required in order to make certain statistical

statements about the resuits, as will be discussed in the next section.

Brillinger and Preisler (1984) present statistical procedures for
determining the optimal functions (transformations) for Y, M, R and Py in
equation (1) from strong-motion data. This powerful technique would eliminate
the need for a priori assumptions regarding the form of the model. For
example, using the data base of Joyner and Boore (1981), Brillinger and

Preisler found that the optimal transformation of Y was Y1/3 not 1n Y.
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However, one must be extremely cautious in adopting such statistically
determined functions, since they may or may not conform with known physical
characteristics of ground motion. While the discussions that appear in the
remainder of this paper are based on the transformation y=1ln Y, they are
equally applicable to any other transformation of Y. One need only replace y

by the appropriate transformation in the equations that follow.

Regressions in the past have been performed exclusively using a least-

squares procedure. This procedure minimizes the sum square error
a - 2
Lw (y-y,) (7
i=1

in which ; is the predicted value of y, y; is the iiE observed value of y, and
Wy is the weight assigned to yi (in the case of weighted regressions).
However, other procedures, such as the least absolute sum criterion or maximum
liklihood technique, may be used to minimize the influence of outlying
observations on the results. If equation (6) (or some alternate model used in
place of this model) is linear with respect to the coefficients to be
determined, then standard linear least-squares procedures can be used. If
not, then nonlinear procedures (e.g., Gallant, 1975; More et al., 1980; SAS
Institute, 1980) must be used. If the model is linear and the coefficents are
normally distributed, then a t-test may be used to establish the statistical
significance of the coefficients. Any coefficient not meeting the required
significance level (say a 90 percent probability of not being zero) should
then be removed from the model. Stepwise regression procedures are useful for
this purpose, especially if it is not known in advance which parameters are
important. If the model is nonlinear, the distributions for the nonlinear
coefficients must be developed empirically using Monte Carlo simulation

(Gallant, 1975; Campbell, 198la; Boore and Joyner, 1982).

Biased estimates of the coefficients will be obtained if the data are not
distributed evenly among the parameters, for example, if magnitude and
distance are statistically correlated, or if the data are dominated by many
recordings from a few earthquakes. Attempts at reducing this bias have

included: restricting the data sample to no more than a certain number of
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recordings from a given earthquake and a given site (McGuire, 1978a,b); use of
weighted regression procedures to equalize the impact of recordings from
individual earthquakes (Campbell, 1981a,b, 1982a,b, 1983); use of a two-step
regression procedure to separate the estimation of the distance and magnitude
scaling coefficients (Joyner and Boore, 1981, 1982); regression on Y rather
than on In Y to increase the impact of the larger values of Y (Bolt and
Abrahamson, 1982); and use of a random effects model to separate the
uncertainties associated with between earthquake and within earthquake
variation (Brillinger and Preisler, 1984). None of these techniques are
completely satisfactory. For example, restricting the data base throws out
potentially significant data; the use of weighting techniques gives large
weight to potentially less reliable data, such as single recordings; the use
-of a two-step regression precludes optimizing the overall fit, resulting in
larger standard errors; regressing on Y rather than on 1ln Y gives large weight
to large values of Y, emphasizing the extremes of the data; and the random
effects model is not currently supported by standard statistical packages and,

therefore, is not readily available.

The use of a weighted regression is probably the most reasonable of the
procedures currently available because it utilizes all the data while
optimizing the overall fit, and may be used with standard statistical
packages. To demonstrate this procedure, the weighting scheme proposed by
Campbell (198la, 1982a) is presented. The range of distances used in his
analysis (0-50 km) was divided into nine intervals within which each
earthquake received equal weight. A relative weighting factor of llnij was
used, where ny is the total number of recordings for the ith earthquake
within the jﬁh.distance interval. The weights were then normalized so that
their sum was equivalent to the total number of recordings used in the

analyses, n, giving a weight for each recording of

nE(l/ni.)

n

Wij (8)
ij

This last step assured that the statistics of the analyses would represent the

correct number of degrees—of-freedom. By basing the weights on nine distance
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intervals, the scheme was believed to balance important information on
distance attenuation characteristics offered by well-recorded earthquakes with
important information on magnitude scaling characteristics offered by

earthquakes having only a few recordings.

Uncertainty in the predicted value of y is best presented in terms of
confidence intervals. For nonlinear models, this interval must be developed
by Monte Carlo simudation. However, for linear models analytical procedures
are available. In this case, the o—-percent confidence interval for the mean
of k future observations given a specific set of model coefficients is given

by the expression

>

2 2 A

o 1/2

Y E Fnope1,1- o e+ o ] (9)
where t o is the absolute value of the t—statistic associated with

n-p-l,1- ——
an exceedance pro%ability a and n-p-1 degrees of freedom (this statistic is

tabulated in most statistic books), n is the number of recordings used in the
analysis, p is the number of coefficents in the model, o is the standard error
of estimate of the regression, and o(y) is the standard deviation of the mean

prediction of y. The variance of y in matrix notation is given by
2, 2.
o (y) = 0" (X CX) (10)

in which X is a vector containing specified values of the model parameters
(e.ge, M or 1In R), X' is the transpose of X, and C is the covariance matrix of

the model coefficients (bi's).

The interval given by equation (9) represents the bounds within which the
mean of k observations of y will fall (1- a)+100 percent of the time. The
most significant application of equation (9) from the standpoint of design is
in estimating the confidence interval of a single observation, for which
k=l. For example, let the value of a strong-motion parameter for a

hypothetical design earthquake of specified magnitude and distance from the
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facility represent that value expected to be exceeded, say, 16 percent of the
time (the 84£h-percentile). In this case k=1, since we are concerned with a
single occurrence of the hypthesized event, and a = 0.32, since for the value
to be exceeded 16 percent of the time it must fall outside the 68 percent
confidence interval of ;. The usual, though inappropriate, application of
equation (9) is to estimate the a —percentile value of ; by the expression

A

y + z,0 (11)

where za is the standard normal variable associated with a cumulative

probability of a . This involves two assumptions: first, t is

o
assumed to be equal to z, s valid on}y for a large number of Zegti;;—of-
freedom (say n-p-1 > 30); second, o(y) is assumed to be zero, thus neglecting
any uncertainty in the mean prediction of ;. This second assumption is only
approximately true for predictions near the centroid of the data. For
extrapolations of the model as is common in design applications, the
uncertainty associated with the mean of ; can be significant, making equation

(11) an inappropriate representation of equation (9).

ADEQUACY OF THE MODEL

The adequacy of the model is best assessed from an analysis of

residuals. A residual is simply the difference between the observed and
predicted values of y. Before analysis, it may be convenient to normalize the
residuals to have a mean of zero and a standard deviation of unity. By the
very nature of the regression analysis, the residuals will have a mean near
zero. If a weighted regression is used, then it is also necessary to weight
the residuals. Letting n equal the total number of observations used in the
regression, the normalized weighted residual (NWR) for the ith observation may

be computed from the expression

) [wi(yi- ;')] - MWR

i g (12)

NWR
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where,

In these expressions, w is the weight of the observation and MWR is the mean
weighted residual. For unweighted analyses one simply substitutes w;=l in the

above expressionse.

The first step in the analysis is to plot the NWR's (hereafter referred
to simply as the residuals) versus the predicted value of y and the
independent variables. Such a plot is shown in Figure 10. If no trend in the
residuals are observed in these plots, then the model can be considered
adequate. A trend would indicate an inadequacy in the model to predict the
data and would require modifying the functional forme. Figure 11 gives an
example of residuals that exhibit such trends.

The analytical computation of confidence intervals for ; require that the
residuals have a normal distribution (Monte Carlo simulation could be used to
establish confidence intervals for any type of distribution for the
residuals). A qualitative assessment of normality may be obtained by
inspecting a histogram of the residuals, like the one appearing in the inset
of Figure 12, It should resemble the standard bell-shaped curve of the normal
distribution. A Kolmogorov-Smirnoff or Chi-square test may be used to
statistically test the hypothesis that the distribution is normal. A
graphical procedure closely related to the Kolmogorov~Smirnoff test involves
making a normal probability plot, a plot of the normal score or estimate of
the standard normal variable, versus the normalized residual. If this plot
(Figure 12) represents a straight line, then the residuals can be considered
normally distributed. Although this latter technique requires judgment on the
part of the investigator, it does allow a more rigorous assessment than is

possible from inspection of a histogram alone.
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OTHER CONSIDERATIONS

In many regions of the world, strong-motion recordings may be unavailable
or extremely limited. For these regions, the development of strong-motion
scaling relations cannot rely on empirical procedures alone. One of the most
common practices in such regions has been the prediction of ground motion from
intensity, a qualitative measure of the severity of ground motion (e.g., see
the description of the Modified Mercalli intensity scale in Richter, 1958).
This approach requires relationships between strong-motion parameters and
intensity, such as those offered by Trifunac and Brady (1975), Murphy and
O'Brien (1977), Ambraseys (1978), Trifunac (1979), and Chiaruttini and Siro
(1981). These can either be used in conjunction with an intensity scaling
relationship (Howell and Schulz, 1975; Gupta and Nuttli, 1976; Anderson, 1979;
Chandra, 1979) or site-specific estimates of intensity to establish estimates
of strong ground motion. McGuire (1977), Cornell et al. (1979), and
Bernreuter et al. (1984) describe the procedures and assumptions required for
such an approach, and specific applications may be found in Nuttli and
Herrmann (1978), Battis (1981), Bernreuter (198la), and Hasegawa et al.
(1981).

Theoretical earthquake models can also be used to predict ground motion
in regions where strong-motion recordings are limited. However, at present,
such models are not commonly used for engineering applications due to their
relative complexity and unknown reliability. These models fall into three
basic categories. The first type uses kinematic and dynamic models of the
fault rupture process to generate deterministic predictions of ground
motion. Swanger et al. (1980, 1981) and Aki (1982) describe the
characteristics of this type of model. The second category of theoretical
models uses stochastic simulation of ground motions based on simple
seismological source models (sometimes in conjunction with random vibration
theory) to produce random predictions of strong ground motion. Most recent
examples of this type of model are found in Hadley et al. (1981), Boore
(1983a), Gusev (1983), and Joyner (1984). The third type of model uses
simple seismological source models to deterministically predict strong ground

motions. Because of its simplicity, this type of model has been most widely
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used to generate scaling relationships (e.g., Campbell and Duke, 1974a; Hanks
and Johnson, 1976; Midorikawa and Kabayashi, 1978; Hanks, 1979; Ang and
Mohammadi, 1981; Bernreuter, 1981b; Hanks and McGuire, 1981; McGarr, 1981;
Scholz, 1982). The reader is referred to Boatwright (1982), Boore (1983b),
Luco and Anderson (1984), and Earthquake Engineering Research Institute (1984)
for a comprehensive review and compilation of recent work on theoretical

earthquake modelling.

Even if sufficient data are available with which to develop a strong-
motin scaling relationship, it may still be desirable to constrain some of the
coefficients of the model. This is particularly useful when specific
coefficients are highly correlated with one another and neither can be
determined accurately, or when the data are not distributed well enough to
give robust estimates of some coefficients. Some investigators have simply
preferred to use constraints in the development of their relationships to be

consistent with well-established seismological principles.

The most common seismological constraints used in past studies are those
related to geometrical attenuation (Schnabel and Seed, 1973; Nuttli, 1979;
Nuttli and Herrmann, 1978, 1984; Joyner and Boore, 1981, 1982) and magnitude
scaling (Trifunac, 1976a,b; Espinosa, 1979, 1980; Boore, 1980). Others have
used regional and teleseismic data to constrain anelastic attenuation rates
(Nuttli, 1979; Campbell, 1981b, 1982b; Nuttli and Herrmann, 1984); while
others have constrained coeffcients based on strong-motion recordings of
nuclear explosions (Blume, 1977; Orphal and Lahoud, 1974) or based on the
results of other empirical studies (Eguchi, 1980; Battis, 1981; Campbell,
1981a; Hasegawa et al., 1981). The most common and least supported empirical
constraint used to develop strong-motion scaling relations has involved the
coefficient bg in equations (3a)-(3b). Typically values of 20 to 25 km have
been assumed for this coefficient in order to control the amplitudes of
strong-motion parameters at small distances (McGuire, 1974; Blume, 1977;
Donovan and Bornstein, 1978; Fraccioli, 1978; Sadigh et al., 1978; Battis,
1981; Idriss, 1983). Recently a value of bg > O has been justified
statistically by Campbell (198la, 1982a) and Boore and Joyner (1982).
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REVIEW OF EXISTING RELATIONSHIPS

There have been a vast number of strong-motion scaling relations that
have been proposed throughout the years. Table 2 contains a summary of some
of the more significant relationships proposed within the last decade (i.e.,
from 1974 to 1984). The 10-year criterion is used to limit the number of
relationships tabulated to those commonly used in practice. Scaling
relationships published before 1974 have generally been revised or have become

obsolete due to the rapid advancement in the field of engineering seismology.

To further limit the number of scaling relationships summarized in Table
2, the compilation has been restricted to those relationships that (1) predict
peak acceleration, peak velocity, or some other single index of ground motion
such as Arias intensity, r.m.s. acceleration, etc. (peak displacement is
excluded for reasons specified below); (2) are available in the open
literature, that is, in professional journals or conference proceedings; and
(3) are based at least in part on strong-motion data. The restriction to
single indices is required to eliminate spectral values from the listing due
to their large number of parameters (one for each period and damping). Peak
displacements are not included because of their generally poor accuracy
resulting from errors in the record processing procedures used to integrate
and filter the accelerograms and from long-period noise inherent to the
records themselves (Trifunac and Lee, 1978b; Sunder and Connor, 1982). Tte
restriction to relationships published in the open literature limits the
compilation to those relations generally available to engineers and
seismologists and, thus, have had the opportunity of being subjected to peer
review and acceptance. That is not to say that those relationships omitted
from tabulation are not of equal or even greater value, only that such
relationships are not widely known and have not had as much opportunity for
peer review. References to many of these are included in the Bibliography.
The restriction to relationships based on strong-motion data merely requires
that the relationships have at least some empirical basis, eliminating the
large number of theoretical models that have been proposed recently. A more
complete listing of strong motion scaling relations for the last 10 years,

including those available in reports, appears in the Bibliography. Additional
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compilations and bibliographies are available in Donovan (1973), Idriss
(1978), Eguchi and Wiggins (1979), Young (1980a,b), Boore and Joynmer (1982),
and Boore (1983b).

The summary provided in Table 2 is organized into five categories: (1) a
reference, (2) a definition of parameters, (3) a statement of applicability,
(4) a description of the strong-motion parameter predicted, and (5) the
model. The table is provided only as a summary of those relationships that
have been developed in the past 10 years. Specific relationships should not
be used without careful consideration of the application for which they are
intended. The guidelines for developing scaling relations presented earlier
in this paper can serve as a framework to be used in evaluating these existing

relationships for specific applications.
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