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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.

44



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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Figure 1. Scaling relationship of peak horizontal acceleration
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TABLE 1

SUMMARY OF RECENT SITE CLASSIFICATION

SCHEMES

Classification Description Reference
Soil Undefined Newmark and Hall (1982)
Rock Undefined
Soil Alluvium and soft deposits >10 m deep McGuire (1978a,b)
Rock Basement rock, sedimentary rock, and soil <10 m deep
Soil Alluvium, soil, mud, £111, and glacial deposits >4—5 m deep Boore et _al. (1980), Joyner and Boore (1981,1982)
Rock Basement rock, sedimentary rock, and soil <4-5 m deep
Soft Soft alluvium Trifunac and Brady (1975), Trifunac (1976a,b),
Intermediate Sedimentary rock McGuire (1977), Murphy and 0’Brien (1977)
Hard Basement or crystalline rock

Shallow alluvium
Deep alluvium

Sedimentary rock
Crystalline rock

Alluvium 7-20 m deep

Alluvium >20 m deep

Sedimentary rock and alluvium <7 m deep

Igneous rock, metamorphic rock, and alluvium <7 m deep

Duke et al, (1972), Campbell and Duke (1974a,b)

Rock

Alluvium
Alluvium (<9 m)
Alluvium (9-60 m)

Basement and sedimentary rock
Alluvium of unspecified thickness
Alluvium <9 m deep

Alluvium 9-60 m deep

Mohraz (1976)

Rock

Stiff soils

Deep cohesionless soils
Soft soils

Shale-like and harder rock with V, >760 m/s
Stiff clay, sand, or gravel <45 m deep
Generally cohesionless soils >75 m deep

Soft to medium~stiff clays with sand and gravel
Generally cohesionless soils >75 m deep

Soft to medium-stiff clays with sand and gravel

Schnabel and Seed (1973), Seed et al., (1976a,b),
Applied Technology Council (1978), Donovan and
Bornstein (1978), Fraccioli (1978), Sadigh et al,
(1978), Werner et _al. (1979), Ts'ao (1981), Seed
and Idriss (1982), Idriss (1983)

Very dense and stiff soils

Intermediate soils
Very loose soils

Hayashi et al. (1971)

Rock-1ike
Thin alluvium
Thick alluvium

Hard rock and stiff soils
Alluvium <20 m deep
Alluvium >20 m deep

Chiaruttini and Siro (1981)

Rock or very stiff soils
Shallow alluvium
Deep alluvium

Rock and alluvium <5 m deep
Alluvium 5~20 m deep
Alluvium >20 m deep

Fraccioli (1981)

Group~1 Tertiary age or older rock or diluvium <10 m deep Okubo et al. (1983)
Group-2 Diluvium >10 m deep, alluvium <10 m deep, or alluvium <25 m deep
including soft layer <5 m deep .
Group-3 Other than the above, usually soft alluvium or reclaimed land
Hard rock Crystalline, hard metasedimentary, and hard volcanic rock Campbell (198la,b;1982a,b;1983)
Soft rock Sedimentary, soft metasedimentary, and soft volcanic rock

Pleistocene deposits
Recent alluvium
Shallow soils

Soft solls

Pleistocene age soils >10 m deep
Holocene age soils >10 m deep
Soils <10 m deep

Extremely soft or loose soils

Depth of sediments

Depth to the top of basement rock

Trifunac and lee (1978a)

Impedance, pV, s

p = specific gravity of deposit

V_ = shear-wave velocity of deposit (m/s)
o = 610 /s (sotl)

pVg = 3,660 m/s (hard rock)

Blume (1977)

Shear—wave velocity, Vs

Average shear—wave velocity over a depth of one—fourth wavelength

of the period of interest (soils only)

Joyner et al. (1983)
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TABLE 2

SUMMARY OF SELECTED STRONG-MOTION SCALING RELATIONS (1974-1984)

[Note: Definition of symbols appears in Appendix]
Reference Parameters Applicability Y Hodel On Y
Canpbell and Duke M=, Californts; AL, Y = 18.8 M(0:33M1.47) 53 ¢ — —
(1974a) R = Ry M = 4.5-8.5; S = 1.80 (basement rock)
R = 15-160 3.63 (sedimentary rock)
3.74 (alluviun <60 ft)
5,12 (alluvium >60 ft)
Campbell and Duke do do —do ¥ = 21,6 M(0-33H°1.47) p=3.79 o —_ —
(1974b) s = 0.58 R%*46 (bagement rock)
1.02 R%+3! (gedimentary rock)
0.37 898! (alluvium <60 £t)
0.65 RO74 (alluvium >60 ft)
Ophal and Lshoud M- My California; PHA, Y = 0,066 ¢0+4M g7139 —_ 0.69
(1974) R =R, M= 4,1-7,0;
R = 15-350 PRV, Y = 0,726 ¢0+52M 7134 —_ 0.64
Seed et al. (1976b) M= M Western U.S.; PHA, Y= aR© (graphical) —_
R=R,. M= 6.5;
R = 20-350 PRV, Y = aR™¢ (graphical) —_
. 2.3M L
Trifunac (1976b) M= M Western U.S.; PHAb, PVA Y = Yvoe 0.73
R~ R, M = 3.0-7.7; Y, = 6182510710 701335 (0T gy
R = 20-200 PO - b t12M —0.428[02-(1-7.5)%] a7.5)
o ehel2M 042842 (7.5454.8)
2.023x10% (<4.8)
PHVy, PVV ¥ = v a2 M — 0.92
Y, = 43955107 ¢0-3095 (0.792V
FOM) = obe7AM (-0.463[M7-(-7.61)%] 07.61)
GbeT6M -0.46342 (7.6115.12)
1.856x10° (M¢5.12)
S = 0 (alluviun)
1 (intermediate rock)
2 (basement rock)
V = 0 (horizontal components)
1 (vertical conmponents)
Blume (1977) M= My Western U.S.; PHA, = 0.318 ol <03 (291145 (gyps)~l.148 (4<6..5) 0.93
R = Ry ¥ = 26,0 e0+432M (29)1:225 (p4p5)=1.225 (06.5) 0.59
S = 0.5 logjg (pVy)
Milne (1977) Mo Mg, M Western N.A.; PHA; Y = 0.04 e0+99M g71.39 —_ —
R =Ry M = 3.0-7.7;
R = 20~200;
Soil and rock
Anbraseys (1978) = my, Mp Europe; PHA) Y = 0.0288 el+45M gl (R=1-480) —_—
R =Ry M = 2.7-7.15
R = 1-480 Y = 0.0131 e!-46M g=0.92 (R<30) —
Donovan and Bornstein M= My California; PHA), ¥ = A B (r425)C — Graphical
(1978) R = Ry M= 5.0-7.7; A = 2.198x10% R~2+1
R = 5-320 B = 0.046 + 0.445 logyq R
Rock and stiff soil C = -2.515 + 0.486 logjq R
Fraccloli (1978) M-, Circum—pacific; PHA, ¥ = 0.111 €0+265M (pyp5y=0.80 —_ 0.54
R - Ry M = 4.9-8.0;
R = 15-360; PRV, Y = 1.480 e0+282M (gy55)=0.425 —_ 0.58
Soft soil;
H < 100
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TABLE 2

SUMMARY OF SELECTED STRONG-MOTION SCALING RELATIONS (1974-1984)--continued

Reference Parameters Applicability Y Model %In ¥
McGuire (1978b) M= Californts; PHA, Y = 0.0306 o0+8%M go1.17 -0.208 — 0.62
R =R, M = 4.5-7.7; PRV, Y = 0.3680 el-07M g=0.96 0.07S — 0.64
R = 10-200 S = 0 (rock)
1 (soil)
Nuttli snd Herrmann M= om Central U.S.; PHA, = 4.459x107% ol+20M L2 (R<15) —_—
(1978) R =R, M = 4.0-6.5; ~ 7.061X1073 ol-20M B °° (3003R>15) —_
R = 25-300 PHV, Y = 0.0012 €203 gL.0 (®15) —
Sadigh et _al. (1978) M- California; PHA, Y = 69 (R#20)7+6 — 0.45
R =R, M= 6.5 VA Y = 218 (r+20)72+0 — 0.35
R = 10-220; PHV, Y = 2887 (r+20)71+3 _ 0.41
Deep soil WV Y = 2095 (R+20)~1+4 — 0.47
Espinosa (1979) MM Western U.S.; PV, Y = 6.16x1074 o234 g1.35 N —
R =R, M= 4.0-7.2;
R = 5-300
Fraccioll and Agalbato M = M Friuli, Italy; PHA, Y = 0.0397 ¢0+38M p-0.79 —_ 0.58
(1979) R~ R, M = 3.7-6.3; A = 0.0245 &3 g0.78 — 0.58
R = 5-190; PHY, ¥ = 0.1700 099 g0-74 — 0.58
Freefield
Nuteld (1979) M= Western U.S.; PHA, Y = g ol-15M g 0.83 YR (graphical) —
R =R, Central U.S. PHY; Y = g o2-30M g70.83 R (graphical) —
M = 4.0-7.0;
R> 10
Boore (1980) -~y Californis; PRV, Y = 0.77 A, 2343 (R>15-40) —_
~Rg, Ry M= 5.57.5; Graphical (R<15-40) —_
R> 10
Boore et al. (1980) M= M Western N.A.; PHAy Y = 1.58 R_O’9 (ML-S.O—SJ, R=5-30) Graphical
R =R Soil and rock Y = 10,0 £+ (4,76.0-6.4, R=15-55)
Y = 398 g2:0 (Mp,Mg=7 1=7 .6, R=40~150)
PRV, Y = 251 ®°1+2 (4,=5.3-5.7, R=5-30)
Y = 40.0 R 06 (M=6.4, R=40-150)
Eguchi (1980) .My Western U.S.; PHA, Y = 0.069 0+8M gl.44 — 0.64
R=R, M = 3.5-7.7; PHY, = 1.130 ol-04M g1.19 — 0.55
R = 10-400;
Soil and rock
Espinosa (1980) M= Western U.S.; PHA, Y = 5.235x1077 ¢2+3M g0.06 (R<10) —
R =Ry M = 4.0-7.5; Y = 1.776x1075 €234 p~1.59 (10<R<60) —
R = 5-300 Y = 4.153x1073 ¢2+3M g2.93 (60<R<300) -—
Campbell (1981a) M= My (K6)  Worldwide; PHA, Y = 0.0159 %868 [ + cqu))7L-09 -— 0.37
= Mg (D6) M = 5.0-7.7; (M) = 0.0606 ®-7M
R = R R < 503
Soil and rock
Campbell (1981b) M =M, (MC6)  Western U.S.; PHA, Y = 0.0142 e0°790M [g 4 c(y))0-862 YR (®g) 0.41
= Mg (6) Central U.S.; c(M) = 0.0268 ¢0+778M
R =R B, M = 5.0-7.7; ¥ = 0.0823 e0+922M (g 4 55,7)71:27 R (=) 0.55
R 2> 0;
Soil and rock
Chiaruttini and Siro M= M Italy; PHA, Y = 110 0+94M g70.99 0.554 0.538 0.60
(1981) R = Ry Alpide Region; A = 0 (Friuli, Italy)
M = 3.5-6.6; 1 (Ancona, Italy)
R = 4-60 B = 0 (Priuli, Italy)

1 (Alpide Region)
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TABLE 2

SUMMARY OF SELECTED STRONG-MOTION SCALING RELATIONS (1974-1984)-—Continued

Reference Parsmsters Applicability Y Model Oln Y
Hanks and McGuire R =Ry California; RMSAy Y=o gt fmx —_ —_
(1981) M = 4.0-6.5;
R = 10-100; PHA, v=-o.19 gt Zmex . 2fmex, —_ —_
Hasegawa et al. M= M (W) Canada; PHA, Y = 1.02x1072 ¢l+3M g-1.5 (W. Canada) -—
(1981) =m, (B) M =4.0-7.0; Y = 3.47x1073 o1 -3M gl.l (E. Canada) -—
R =Ry R = 10-200;
Sotl and rock PRV, Y = 4.00x107% 2434 1.3 (W. Canada) —
¥ = 1.80x10% @M RO (E. Canada) -—
Joyner and Boore M=M Western N.A.; PHA; Y = 0.095 e0-373M D-l e_o'OO”D 0.60
(1981) R =R, M = 5.0-7.0; D= (R + 7.3)1/2
R = 0-370;
Small structures; PHV) Y = 0.85 el+134 =1 -0.0059D 0.395 0.51
Soil and rock D = (R + 4.02)1/2
s = 0 (rock)
1 (soil)
Bolt and Abrahamson M=K Western N.A.; PHA; Y = 1.20 [(re23)? + 1]0+033 (70.066(R¢23) (M=5.0-5.9) 0.06g (o_)
(1982) R =R R = 0.3703 . 2 0.062 _—0.044(R+25) 7
Small structures; Y = 1,20 [(R+25)° + 1] e (M=6.0-6.9) 0.10g (uy)
Sotl and rock Y = 0.24 [(R+15)2 + 1]0+100 =0.022(R+15) (M=7.0-7.7) 0.05g (g,
Campbell (1982) M= M (M<6)  Worldwide; PHA, ¥ = 0,0137 077M g 4 cu)) 0797 TR — 0.41
=M, (D6) M = 5.0-7.7; cG4) = 0.012 ¢0-898M
R =Ry R>0 .
_0.898 T
QT
Joyner and Boore M=M Western N.A.; PHA) Y = 3,09 ¢0-3306) j-1 -0.0062D —_— 0.64
(1982) R =R, M= 5.3-7.7; D = (82 + 8.0%)l/2
R = 0-110;
Small structures; PHV, Y = 148 el +13(-6) p! e—(l.OOGOD eo'”s
Soil and rock D = (R + 4.0%)1/2
S = 0 (rock)
1 (soil)
Seed and Idriss M= M Western U.S.; PHAy Graphical B — 0,45
(1982) R =R, M = 5.0-8.5;
R = 2-160
Rock
Campbell (1983) M= M (4<6)  Worldwide; PHA, ¥ = 0.0591 e0+827M [g + c)]7L+39 0-34F 0128 0.38
= Mg (D6) M= 5.0-7.7; c(u) = 0,177 0-595M
R = R R < 50
Small structures;  PVA ¥ = 0.279 0+687M (g 4 9, 15)71.68 0.35F ~0.31E 0.41
Soil and rock
PRV, ¥ = 0.283 e} 0¥ (g + () 0910 0.52
c(M) = 0.00681 088
F = 0 (strike-slip faults)
1 (reverse faults)
E = 0 (ground level)
1 (embedded)
Idriss (1983) M = Mg, Mp Western U.S.; PHA, Y = a e (re20)7C (Graphical) Graphical
R =R, M= 5.1-7.7;
R = 3-100;
Stiff soil
Okubo et. al. (1983) M= My Japan; PHA, Y = 1,095 e0+51M (Re30)~1+25 (Rock) 0.50
R =R, M = 5.0-7.9; Y = 0,232 €071 (g430)~1.20 (D1luvium) 0.55
R = 5-500; Y = 04411 0+60M (py30)~l.2L (Alluvium) 0.58
Freefield;
H < 60 PHV,, Y = 23.86 0+63 (re30)71-28 (Rock) 0.51
Y = 2,666 0+ (R+30)71-18 (Diluvium) 0.56
= 5,136 0+9%M (gr+30)71-26 (Alluvium) 0.58
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APPENDIX

GLOSSARY OF TERMS USED IN TABLE 2

Heading Term Definition

Parameters my Body-wave magnitude
M Magnitude (generic)
M Moment magnitude
Mj JMA magnitude
ML Local magnitude
Mp Richter magnitude
Mg Surface-wave magnitude
R Distance (generic, km)
Ro Epicentral distance
Rac Distance to center of energy release
R Closest distance to fault rupture
Ry Hypocentral distance
RS Closest horizontal distance to zone of energy

release or surface projection of fault rupture
Rze Closest distance to zone of energy release
Applicability H Focal depth (km)
M Magnitude
R Distance (km)
Y (Parameters) Y Strong-motion parameter (generic)

Al Arias intensity (cm/sec)
PHA Peak horizontal acceleration (g)
PHV Peak horizontal velocity (cm/sec)
PVA Peak vertical acceleration (g)
PVV Peak vertical velocity (cm/sec)
RMSA Root-mean-square acceleration (cm/sec)
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APPENDIX (continued)

Heading Term Definition
Y (subscripts) b Use of both horizontal components
1 Use of maximum horizontal component
m Use of mean of horizontal components
v Use of maximum vectorial combination of

horizontal compounents

3 Use of third largest peak
Model A,B Region variables
A, Attenuation factor (Richter, 1958)
E Instrument embedment variable
£, Spectral corner frequency (Hz)
£ ax Maximum spectral frequency (Hz)
F Fault mechanism variable
H Focal depth (km)
M Magnitude
Q, Specific attenuation factor (1 Hz)
R Distance (km)
S Site classification variable
T Predominant period (sec)
v Component variable
Vg Shear-wave velocity (ft/sec)
n Scattering parameter
Y Coefficient of anelastic attenuation (km 1)
o} Specific gravity
O1n Y Oln Y Standard error of 1ln Y
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THE ISSUES SURROUNDING THE EFFECTS OF GEOLOGIC CONDITIONS
ON THE INTENSITY OF GROUND SHAKING

By

A. M. Rogers
U.S. Geological Survey, Golden, Colorado;
J. C. Tinsley
U.S. Geologlcal Survey, Menlo Park, California;
and W. W. Hays
U.S. Geological Survey, Reston, Virginia

INTRODUCTION

This paper will outline the 1ssues related to site response effects and
expand some of these toplcs based on data principally from the Los Angeles
region. In some cases we will review and reevaluate old and new data from the
perspectives provided by comparison of these data sets. In spite of falrly
strong evldence showing the significance of site conditions on the level of
ground shaking, questlons continue to be raised about either the importance of
site effects or whether they can be accurately predicted. We outline many of

these questions and address some of them in the followlng discussion.

THE ISSUES
A. What do we know about site response?

a. What 1s the range and nature of site effects in the time and
frequency domain?

i.) What are the effects of site conditions on peak ground
motion parameters?

i1.) 1Is the influence of site effects minimal in peak
acceleration data sets?

111,) If site effects do not significantly contribute to peak

acceleration varilability, are these effects important to
consider in design?
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B.

Can

Qe

b.

Ce

iv.) What are the effects of site conditions on the ground motion
spectrum? How important is site resonance and under what
conditions does it occur?

Vo) What 1s the evidence for non-linear soil behavior?

vi.) When non-linear soil behavior occurs, how important is it,
and 1s its effect on the site transfer function significant?

vii.) Will all sofls in the zone of non-linearity have the same
level of ground shaking?

How great 1is the variability in site effects?

1.) Are site effects at a glven location reproducible within
useful statistical bounds?

11.) 1Is site response too varilable geographically to accurately
predict without unreasonable quantities of geotechnical
information?

111.) Is the rate of geographical variability in site response a
funcection of the period band of 1interest?

iv.) Do surface topography and lateral subsurface heterogeneity
produce important changes in site response, particularly as
epicentral distance or source-receiver azimuth changes?

site response effects be predicted?

What theoretical methods exist?

i.) Are linear or non-linear methods most appropriate?

ii.) How well do theoretical models predict observed site
response?

What empirical methods exist?

i.) Does non-linear soil behavior invalidate empirical methods
of predietion that have been based on low-level ground
motions?

ii.) Do low-level, ground-motion measurements of site response
significantly overestimate site effects during strong
shaking?

iii.) How well do empirical models predict observed site response?

Are prediction methods available that will work in any region and

that reconcile to some degree the diverse site response
observations from many regions into a unified plecture?
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C. Do we need to perform additional experiments?

a. Are the geologic and ground motion data bases adequate to study
site response effects?

i.) Are they of high quality, sufficient quantity, and
appropriately collected?

ii.) Has soil-structure interaction significantly modified the
strong motion data base?

b. What experiments might be performed to resolve the issues?

i.) Are instrument arrays in place that would provide data to
further test the importance of non-linear soil behavior?

ii.) Are instrument arrays in place that would provide data to
test various prediction schemes?

iii.) What geotechnical data are needed, and how will the data be
collected?

ive) How can existing data be further analyzed to study site
effects?

D. How can site response predictions and data best be utilized?
a. Should design ground—-motions be modified for site response?
i.) Are the currently employed mean spectral shapes adequate to
describe changes in site response as a function of geologic

conditions?

ii.) Do we know how to modify design coefficients or synthethic
seismograms to account for site response in a realistic way?

iii.) How will imbedment modify the design motion?

ive) How will soil-structure interaction modify the design
motion?

b. How should site response predictions be used for urban planning,
disaster planning, and loss estimation?

i.) Are site response maps the most useful form of input to
these studies?

THE EXISTENCE OF SITE SHAKING EFFECTS

A reasonable starting point is to address a more basic question than

those listed above. That is, 1s site response an important phenomena that
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significantly affects the level of strong shaking at ground periods of
engineering interest. This question has been frequently addressed in the
literature with responses ranging from "very significant™ to "not important in
this region"” to "important, but impossible to predict.” The preponderance of
data, however, including damage statisties, intensities, strong motion
measurements, and low-level ground-motion measurements indicates that site
response effects are significant. The Japanese and Russians have examined
numerous case studies showing that the geographic distribution of damage and
intensity is in some way related to the thickness and/or other physical
properties of the near—surface sediments (Kanai, 1952; Ooba, 1957; Minakami
and Sakuma, 1948; Medvedev, 1962). Using recordings of low—level ground
motions produced by distant nuclear explosions, Borcherdt and Gibbs (1976)
found a high correlation between geographic changes in intensities in the 1906
San Francisco earthquake and geographic changes in mean spectral
amplification. This correlation exists up to the highest shaking levels that
occurred in that earthquake (Modified Mercalli > X). Site effects have
recently been isolated in the strong motion data from the 1979 Imperial Valley
earthquake (Mueller and others, 1982) and are also observed in the strong
motion data recorded during the Fruili and Ancona, Italy earthquakes
(Chiaruttini and Siro, 1981). Analysis of the San Fernando earthquake data
set by Rogers and others (1983a) shows that site effects occur at the 28
strong=motion sites they studied. For these sites mean spectral amplification
on soil ranged as high as a factor of 5. Data at other Los Angeles sites,
employing recordings of Nevada Test Site nuclear explosions, indicated that at
some alluvium sites mean spectral amplifications as large as 11 are

observed. Many other examples of ground motion studies could be cited that

demonstrate the importance of geologiec conditions on strong ground shaking.

A DISCUSSION OF THE IMPORTANCE OF NON-LINEAR SOIL BEHAVIOR

Although laboratory data suggest that soils behave in a non-linear
fashion when strain levels exceed 107 (Seed and Idriss, 1970) or 10—4 (Turner
and Stokoe, 1982), field data have been collected suggesting that high- and
low-amplitude soil response are similar, perhaps for strains up to 10_3.
Rogers and others (1983a) compare site shaking effects measured using distant

nuclear explosions (strains near 10‘5) with site effects at the same locations
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measured with data from the 1971 San Fernando earthquake (strains near 10-3)
and find that the two data sets are equivalent within the expected variability
of the statistiecs. Rogers and Hays (1978) using strong ground motion
recordings of nuclear explosions on the Nevada Test Site, find that site
response measured at strains of 10-'3 and 10"'4 are approximately equal. Joyner
and others (1981) find that site response can be predicted using linear theory
for strains up to 10‘4. Several recently collected strong motion data sets
also indicate that if non-linear soil behavior is a factor limiting the
magnitude of ground motions on soils, the limiting values may still be quite
high (Mueller and others, 1982; Chiaruttini and Siro, 1981). The Borcherdt
and Gibbs (1976) comparison of intensity increments and mean spectral ratio,
cited above, may also be evidence that nonlinear soil behavior is of secondary

importance.

The effect of non-linear soil response may also be restricted to a small
area surrounding the causative fault (Hays and Algermissen, 1982). For
instance, a magnitude 7-7.5 earthquake develops velocities on soil sites
exceeding 100 cm/s at distances less than 7-13 km (50 percentile, Joyner and
Boore, 1981). For soil sites with 200 m/s shear velocities, strains of 5x1073
will be developed within this zone. Based on the observations discussed above
this strain level may still be below the level of significant non-linear
behavior. Because damaging motions on soils IMM > VI ocecur to distances of 60-
100 km (50 percentile) for a 30 km rupture, the area of damage susceptible to
non-linear soil response is about 2-97 of the total area of damage. In cases
where the fault passes through developed regions, however, the zone of non-
linear behavior may be the zone of greatest life loss, although a high
percentage (as much as 90%) of the economic loss occurs outside this zone
(Algermissen and others, 1972). In other cases where the fault passes outside
the urban zone or the earthquake is too small to induce non-linear soil
response, this behavior will not be a factor at all. The 1967, M = 6.4,
Caracas, Venezuela earthquake is a good example that demounstrated strong site
ef fects withing a ceity that experienced numerous building failures and several
hundred lives lost for an earthquake 50 km away (Seed and others, 1972). The
1977 Romania earthquake (M = 7.2; ISC, 1977) was centered about 120 km from
Bucharest, where 1387 people were killed. Bucharest is underlain by alluvium,

some of Holocene age (Carte des Sols, 1964), that we infer had a role in the
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damaging ground motions that occurred there, but because of the distance (120
km) from the earthquake fault, the alluvium is unlikely to have behaved non-
linerarly (the peak veloecities in Bucharest are estimated to be about 50 cm/s
(Skinner, 1977)).

PREDICTION OF SITE RESPONSE EFFECTS

Prediction of site response has frequently been attempted by several
empirical techniques. In one empirical method, low-strain measurements of
small earthquakes or distant nuclear explosions are obtained over a region at
rock and soil sites in patterns dense enough to essentially measure relative
site-response (Hays and Algermissen, 1982; Murphy and Hewlett, 1975). Another
empirical technique compares limited measurements of site-response, relating
response to known geological data, and predicting relative shaking effects,
over a broad region or to a specific site, based on mapped geologic units
having distinetive seismiec behavior. This technique, using Nevada Test Site
nuclear explosions, was first examined by Borcherdt (1970) using recordings in
the San Francisco region and by Murphy and others (1970) in the Las Vegas
region. These studies demonstrated that mean spectral amplification from
nuclear explosions is correlated with changes in earthquake shaking intensity
and that, in cases where geologic structure and shear veloecities are well
known, the measured site response can be predicted from theory with fair
success. Borcherdt and Gibbs (1976) also established a correlation between
the age of surficial deposits and mean spectral amplification that enabled
them to produce a regional map showing the predicted relative geographic
changes in shaking intensity. These studies in addition to studies by Rogers
and others (1983a), Mueller and others (1982), and King (1982) suggest that in
many cases differences in wave types, angles of incidence, and source azimuth
have a second order lmportance relative to site response and do not mask the

underlying character of the site shaking effect.

In this study we extend the technique developed by Borcherdt and Gibbs
(1976) to the Los Angeles region and recast the technique to ineclude the
effects of geologic structure and nearsurface site properties. In order to
determine relatlons between local geologiec factors and shaking amplification,

nineteen nuclear explosions were recorded at 98 sites throughout the Los
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Angeles region (Figure 1). Sites for the study were chosen to obtain as
complete a sample of underlying geologiec conditions and as broad a geographic
coverage as possible. Because the seismic source lies between 400 and 450 km
from the recording sites, effects of azimuthal variations in the energy
radiated by the nuclear source and major portions of the crustal propagation
paths are similar for all sites. Estimation of each site's response
characteristies over the period band 0.2 to 10 seconds was accomplished by
computing Fourier spectra and alluvium-to~-ecrystalline rock spectral ratios
(Rogers and others, 1980). The site CIT, underlain by crystalline rock, was
occupied for every recorded nuclear explosion and served as the base rock

site.

In the case of ground motions from distant nuclear explosions, the
effects of site conditions predominate on the recorded time histories. For
example, Figure 2 shows time histories recorded simultaneously at eight sites
from a single Nevada Test Site nuclear explosion. The example illustrates
several effects local site conditions commonly have on the recorded time
histories from distant sources of shaking. For instance, maximum amplitudes
of motion recorded on the alluvial sites are several times larger than those
recorded on the sedimentary or the erystalline rock sites. The degree of
amplification occurring in the long-period peak amplitudes of these records is
greatest at sites underlain by the thickest sediments. Comparison of all
three components (Rogers and others, 1980) shows that the amplification of
horizontal ground motions is commonly larger than the amplification of the
vertical motion; in the following discussion, however, only the horizontal
components of ground motion will be emphasized because of their predominant

importance in structural engineering.

Rogers and others (1980) have shown that the spectral ratios are very
reproducible from one nuclear explosion to the next. The geometric means and
geometric standard deviations were computed for 9 sites, showing that the
geometric standard deviation averages 1.38 and is approximately independent of
frequency. By comparison, this dispersion of spectral ratios is lower than
that associated with the empirical prediction of root-mean—square acceleration

on rock (Hanks and McGuire, 1981).
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The amplitude spectral ratios computed for the simultaneous recordings
shown in Figure 2 are presented in Figure 3, where station CIT has been used
as the reference station. The ratios show that the effects of site conditions
relative to those at CIT are strongly frequency dependent, with amplification
occurring for many of the sites over most of the frequency band for which a
good signal-to-noise ratio exists (Rogers and others, 1980). Horizontal
amplification factors in the range 2-7 are apparent for the lower—frequenecy
ground motions ( <1 Hz) for those sites on thick sections of alluvium, with
lower amplifications being apparent at these frequencies for the site
underlain by a thin section of alluvium. Considerable amplification at
intermediate frequencies (1-2 Hz) and at higher frequencies (2-5 Hz) is
readily apparent at several of the sites, especially FS4, where a predominant
ground resonant frequency is observed. Note that resonance is not a factor
for the thick alluvium sites, which display relatively flat spectra across the
entire observed frequency range. The spectral ratios for the GOC site suggest
that the response of the two crystalline rock sites (GOC and CIT) is very
similar for the lower frequencies, but the intermediate and higher frequency
motions recorded at GOC are larger than those recorded at CIT. Site 3838,
located on sedimentary rock, shows a uniformly higher response compared to CIT

over most of the frequenecy band.

COMPARISON OF GROUND RESPONSE WITH GEOLOGIC FACTORS

Geotechnical data describing underlying site conditions and speetral ratios,
reduced to mean spectral response values over several period bands, were
assembled into a data matrix to facilitate study of the relations between
response and the geotechniecal attributes (Table 1). These parameters were
chosen to characterize the recording sites because either the parameters have
some direct application in a theoretical model of site response or the
parameters have been reported to have some influence on ground shaking in past
studies. Thus, parameters such as percent silt-clay, percent saturation, and
depth-to-water table have been reported to influence site response, while
shear velocity (or void ratio, whieh strongly influences the shear modulus),
Holocene thieckness, Quaternary thickness, and depth-to-basement are all
parameters that might be used directly in a model of site response. Most of

these data are obtainable from geologic maps, well logs, and city files
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Figure 2.—Radial component time histories of shaking from a distant
underground nuelear explosion in Nevada recorded simultaneously at eight
sites, in the Los Angeles region, grouped acecording to type of geologiec
materials immedfiately beneath earth recording station. The ground motions
are clearly amplified at locations underlain by alluvium compared to
locations underlain by roek. The degree of amplification also appears to
be related to the thickness of underlying alluvium (HOI: 300 m; 372 m:
ATH: 372 m GMB: 120 m; FS4; 15 m).
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Table 1. List of geotechniecal parameters compiled for each station and the
percentage of stations for which each parameter was available.
The spectral response parameters were available for all stations.

Spectral Response
Date

Short=Period Band

0.2 - 0.3 S
003 - 0‘5
0.2 - 0.5

Intermediate—Period Band

Total-Period Band

0.2 - 10.0
0.3 - 10.0

Geologic Data

Type

Mean Void
Ratio (0-8m)

Mean Percent Silt-Clay

(9 Depth Ranges)

Percent Saturation

Quaternary
Thickness

Age

Holocene
Thieckness

Depth to
Water Table

Sediment Type
(Very Coarse
to Fine)

Depth to Crystalline
Basement

Depth to
Comentation

Mean Bore-Hole

Shear Veloecity
(4 intervals)

93

Percent

Reported

82

37-95

13

100

100

99

97

99

100

91
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containing engineering boreholes for construction projects. The data,
therefore, would be of great value if related to site response in some

quantifiable manner.

To examine the relation between site response and the geological
parameters, the most straightforward approach is to group the sites according
to variations in one of the geologiec factors and to compute mean response for
each group. Table 2 indicates the following ground response characteristies:
1.) Sites underlain by Holoecene and Pleistocene sedimentary deposits undergo
levels of shaking 2.6 to 3.4 times greater than those underlain by erystalline
rock for all period bands; 2.) The void ratio has a strong influence on short-
period response, with void ratios in the 0.8-0.9 range indicating a mean
response on soil 6 times greater than on crystalline rock and 3 times greater
than on low-void-ratio soils; 3.) Amplitudes in the long—-period band generally
increase with increasing thickness of Quaternary deposits and/or depth to

basement.

More detailed examination of the influence of all the geologic parameters
using the methods of exploratory data analysis (Mosteller and Tukey, 1977;
Velleman and Hoaglin, 1981) indicate that the strongest changes in site
response were correlated with changes in void ratio, Holocene thickness, depth
to basement, and Quaternary thickness. Applying the smoothing techniques of
exploratory data analysis, it is frequently possible to extract the influence
of one factor on the response variable given a body of data in which several
factors are changing simultaneously. Figure 4, for instance, shows the
smoothed short-period ratio plotted against Holocene deposit thickness (A) and
void ratio (B). The peak in short—period response for Holocene thicknesses
near 15 m is due to the shift through this period band of the fundamental
resonance period of the Holoecene layer. The general increase in the short-
period response as void ratio increases is prineipally due to the increasing
shear-wave velocity contrast at the Holocene-Pleistoecene boundary. For
comparative purposes, theoretical spectral ratios were computed using a
horizontally layered SH-body-wave model and assuming constant Q. The physical
properties of the geologic eolumn used in this modelling were generated by
computer from the geologic data matrix with variable surface layer velocities,
fixed lower layer velocities, and depths to velocity contrasts determined by
Holocene deposit thickness, Quaternary thickness, and depth to basement

(Figure 5). Surface layer velocities were either measured borehole shear
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Table 2. Comparison of Shaking Response (relative to crystalline rock) from
distant nuclear explosions recorded at sites within the Los Angeles
region.

A) Response in three period bands compared with age of materials.

Short-period Intermediate Period Long-period
Age (0.3 - 0.5s8) (0.5 - 3.3s) (3.3 - 10.0s)
Holocene 3.4 3.3 2.6
Pleistocene 3.2 3.1 2.6
Plioecene 1.4 1.6 2.0
Miocene 2.5 [1.9] 2.2 [1.8] 1.4 [1.3]
Mesozoie 1.7 1.1 0.8

B Short-period response compared with average void ratio in the uppermost 8 m.

Short-period
Mean Response
Void Ratio (0.3 - 0.58)
0.2 - 0.4 2.3
0~4 - 006 3-1
0.6 - 0.7 3.0
0.7 - 0.8 4,2
0.8 - 0.9 6.2

C) Intermediate— and long-period response compared with thickness of Quaternary

deposits.
Intermediate Period Long—period
Quaternary Mean Response Mean Response
Thickness (M) (0.5 - 3.3s8) (3.3 - 10.0s)
0 1.6 1.3
0-75 2.3 1.4
75=200 3.6 2.9
200-500 3.6 3.1
500-1000 4,1 5.9
> 1000 3.4 3.1

D) Intermediate— and long—-period response compared with depth to basement rocks.

Intermediate Period Long—-period
Depth to Mean Response Mean Response
Basement {(km) (0.5 = 3.3s) (3.3 - 10.0s)
0 1.1 0.8
0-2 2.6 1.3
2=4 2.8 2,5
4—6 3.8 4.1
6 3.8 3.9
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In order to

minimize the influenece of void ratio in (A), only sites with vold ratios

greater than 0.65 were ineluded.
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velocities (Fumal and others, 1982) or were computed from void ratios. The
theoretical spectral ratios and mean spectral values were processed in exactly
the same fashion as the observed quantities. The concordance between the
observed data and the theory supports our interpretation of the observed
behavior. While similar analysis of other factors indicates that variables
such as depth to basement and Quaternary thickness have an effeet on the
short-period response, these and other variables are secondary in importance

to Holocene deposit thieckness and near-surface void ratio.

CLUSTERING OF SITES BY GEOLOGIC ATTRIBUTES TO REFLECT SHAKING RESPONSE
VARIABILITY

Sites with similar response characteristies can be clustered by computing
an analytical measure of similarity between a list of items based on their
attributes. In our analysis, the items are recording sites and the attributes
are the geotechnical properties of each site. (Note that we do not use the
response factor as an attribute because we are attempting to prediet response
as a function of the geologic properties of the site.) The clustering
algorithm (Anderberg, 1973; Hartigan, 1975; IMSL, 1982) uses a computing rule
to establish those items most nearly alike and the similarity level at which
clusters of similar items are alike. The results can be plotted as an
inverted hierarchical tree of similarity nodes. The choice of a similarity
level below whiech clusters form is a subjective judgment and in practice may

change across the cluster diagram.

Once a set of clusters is formed by this procedure on a chosen set of
factors it is possible to analyze the degree to which these factors define
unique groups using diseriminant analysis (Morrison, 1969; Morrison, 1974;
Cooley and Lohnes, 1971; Nie and others, 1975), which determines the
significance of each factor's discriminating power using the statisties of
factors within and between clusters. A set of discriminant funetions are
computed that enable one to calculate the probability that a single member of
a cluster belongs to that cluster or any other cluster. Given a table of
these probabilities it is possible to caleculate the percentage of sites that

have been correctly classified.
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In our applicecation, this procedure was a trial and error process, during
which some of the data analysis deseribed above was done concurrently with the
cluster and disceriminant analysis. At the start, the site response data were
first divided into rock and alluvium groups, and then clusters were examined
in which many or all of the measured factors were part of the clustering
model. This approach, however, produces too many clusters, with too few
station members. The number of factors in the clustering process was reduced
iteratively by gradually discarding factors having low statistical

significance in the diseriminant analysis.

Comparison of the mean response values in each cluster set for the three
period bands revealed that some clustering parameters reduced the response
variance in each cluster better than others, in acecord with the results of the
preliminary data analysis showing that the most important faectors in each
period band should be different. Ultimately, the cluster sets selected were
chosen because they had the lowest dispersion in the defining variables while
employing those factors having the strongest effect in a given period band; in
addition, we required that the probability of misclassification be low, and
that each cluster in the set had a suffiecient amount of data to estimate the
mean cluster properties. The final sets of clusters are a compromise between
the many clusters required to preserve the complexity in the site response as
a function of geology, and the requirement that each cluster contain enough

cases to estimate its average response.

Figure 6 shows the set of two rock and eight alluvium clusters that were
derived for the short—period band. This figure can be understood by using
cluster 4A as an example; that cluster includes sites with depth to basement
rocks greater than 0.5 km, Holocene deposit thickness greater than 20 m, void
ratios in the range 0.6-0.7, and a geometric mean response of about 3.6.
Using these clusters to prediet response preserves the important features of
site behavior noted above. For instance, for a fixed Holocene deposit
thickness, response increases as void ratio inereases (i.e., compare clusters
1A, 3A, and 6A, for example). Response also inecreases, for a constant void
ratio, as the Holocene deposit thickness increases to the critiecal range
(i.e., compare clusters 6A, 7A, and 8A, for example). Note that the clusters
with thin Holocene cover also contain most of the Pleistocene sites; those

Pleistocene sites in the thieckness range 11 to 20 m, however, are grouped with
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the Holoecene sites in this range. The rock sites 1R and 2R indieate a
geometric mean response that is typleally lower than that of the alluvium
clusters, as might be predicted on the basis of surface velocities. A
comparison of elusters 1A and 2A shows that sites underlain by shallow
alluvium over crystalline roeck (2A) have a response two times higher than the
same type of site overlying a deep sedimentary basin, further emphasizing the
role of high impedance contrasts at shallow depths. Even though we were able
to divide the sites into only ten clusters, resulting in a moderate range in
the geologic and response factors in each cluster, a useful result can be
demonstrated by comparing average speectral level with shaking intensity. It
is reasonable to assume that a factor of two in mean speectral level
ecorresponds to a change of one MM (Modified Mercalli) intensity unit
(Borcherdt and others, 1975); we infer, then, from the data of Figure 6 that
these clusters prediet the true site-response more closely than one intensity
unit increment for 90 percent of the cases, because the geometric 90 percent
confidence interval is less than a faector of two (1l.45). Clusters were
derived for the intermediate— and long—period bands based on Quaternary
thieckness and depth—to—basement rock. These clusters, however, will not be

discussed here.

SITE-RESPONSE PREDICTION MAPS FOR A PORTION OF THE LOS ANGELES REGION

Response maps for the intermediate- and short—-period bands for a small area
approximately centered on the Los Angeles Civie Center are shown in figures 7a
and 7b, which are based on the clusters discussed above and on a set of maps
delineating the geographic distribution of the important geotechnical

factors. The intermediate—period map (Figure 7a) of significance to
structures between 5 and 30 stories in height, predicts that low response will
characterize areas underlain by roeck and by thicknesses of alluvium less than
about 150 m; intermediate levels of response will ocecur where alluvial
thickness is greater than 150 m and/or depth to basement rocks is in the 0.15
to 4 km range; highest levels of response will oceur in areas where the depth
to basement rocks ranges between 4 and 6 km. Slightly lower levels of response
are predicted in the deepest parts of the Los Angeles basin. The lowest
response will be in the areas where crystalline basement is located at or near
the surface, and slightly higher response occurs where erystalline rocks are

overlain by sedimentary rock. South of Burbank and west of Pasadena, the
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relatively thin alluvium in the intermontaine basin areas and along the Los
Angeles River valley north of the Los Angeles Civie Center also will exhibit a
low to intermediate response. In the southwestern part of the map,
intermediate levels of response will be observed where erystalline basement
rock is about 3 km deep along the Newport-Inglewood struectural zone (Yerkes
and others, 1965). The long-period map is similar to this map except that it
prediets low response in regions where alluvium thicknesses are less than 300

m and/or depth to basement rock is less than 3 km.

The short=-period map (Figure 7b), which is most relevant to buildings in
the 2 to 5 story eclass, has been prepared for the central third of the area
shown in the long-period map. The lowest response is predicted for areas
underlain by erystalline and sedimentary rock, and the highest response occurs
in regions where thicknesses of near-surface alluvium (11-20 m) and high void
ratios (greater than or equal to 0.7) produce significant resonant response in
this period band. 1In some respeets, this map eclosely resembles a surficial
geologiec map; thus, details of the alluviated valleys, inecluding that of the
Los Angeles River, are delineated. The southwest part of the map depiets an
area where silt (characterized by high-void-ratios) deposited by the Los
Angeles River thin to the west and wedge out along the east flank of the
Newport~Inglewood zone where deformed Pleistocene deposits characterized by
low-void-ratios are exposed. It should be noted that high short-period
response may oeceur at sites underlain by roek, if these sites are near the
crest of a ridge or other pronounced topography, as shown by the range of high

response for eclusters 1R and 2R (Figure 6).

SUMMARY

This technique has important impliecations for earthquake-hazard reduction
in urban areas because it ean be used to prediect future relative shaking
response from geotechnical data that are ordinarily obtained in the eourse of
urban development. The ability of this technique to provide estimates of
shaking response for period bands pertinent to structures of varied size
suggest that the mapping procedure could be used for seismiec zonation in many
earthquake—-prone urban areas, provided that the speecifie geologie framework of

the regions being studied fit the elustering scheme developed here.
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GEOLOGIC EVIDENCE OF EARTHQUAKES:
SOME GEOLOGIC STUDIES AND APPLICATIONS IN ESTIMATING THE SEISMIC HAZARD

By

Paul C. Thenhaus
U.S. Geological Survey
Golden, Colorado

INTRODUCTION

The purpose of this lecture is to 1) present a general overview of some
geologic investigations that have been performed in a variety of
seismotectonic settings, 2) provide a perspective on the research effort
required to obtain useful geologic information relevant to estimating the
earthquake hazard within these settings, 3) review the general conclusions of
these studies, and 4) discuss some applications of this research to estimating
the regional seismic hazard. The intention is to contrast the nature of
geologic studies and applications between seismic areas of active surface
faulting and seismic areas having no surface faulting, hence, uncertain
association between seismicity and geologic structure. Example studies are
drawn from the San Andreas fault system, an active transform plate boundary;
the Great Basin, a region of active intraplate extension; and the New Madrid
region of the northern Mississippi Embayment, an intra—plate seismic zone

(Figure 1).

GEOLOGIC INVESTIGATIONS OF ACTIVE FAULTS

State-of~the-art geologic investigations of active faults require the
talents of geologists trained in Quaternary geology and geomorphic
processes. This fundamental requirement may not be easily fulfilled in
countries where organized geclogic-hazard investigation programs do not
exist. Professional and monetary rewards for the trained geologist most often
lie in the classical fields of geologic investigation such as petroleum

geology and economic ore deposits. To best motivate evolving and lasting
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research contributions to seismic fault studies, an infrastructure for
financial support and professional recognition of such work needs to be

established within existing geological organizations.

SOME USEFUL METHODS OF INVESTIGATION

Fault-Trenching Studies

A widely used, relatively inexpensive method of investigation to
determine ages of geologically young fault movements is to excavate a trench
across the surface trace of an active fault. By mapping in detail the walls
of the trench, noting relations of fracture zones or disturbed zones within
the alluvium, offset soil horizons, and cross—cutting relations such as sand-
dike injections, a geologist can reconstruct the sequence of faulting
episodes. If the location of the trench has been carefully chosen to optimize
the opportunity of cutting carbonaceous layers, absolute ages of the paleo-
soil horizons that are offset by faulting can be determined through Carbon-14
radiometric dating. These data then limit the ages of the faulting events,
and a recurrence time of assumed large, fault-rupturing earthquakes can thus

be estimated.

The most acclaimed trenching study in the United States was performed on
the San Andreas fault by Dr. Kerry Sieh of the California Institute of
Technology. The trenchsite neighbors a small creek bed that crosses the San
Andreas fault and has a repeated history of a swamp environment within the
last 2,000 years. C14 dating of peat layers within the surficial stratigraphy
provided excellent time-stratigraphic control of offset soil horizons. The
conclusion drawn from this study was that the recurrence of large earthquakes
along this segment of the San Andreas fault is nonuniform; long intervals
alternate with short intervals between large earthquakes. The average
recurrence interval is about 160 years with periods between large earthquakes
ranging from as short as 57 19 years to as long as 275 168 years within a 1400
year period. The size of the ancient fault-rupturing events is critical but
difficult to determine precisely. By comparing the offsets of the various
events exposed in the trench with that of an historic great earthquake that

broke this segment of the fault in 1857, Seih (1978) bounded this problem with
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three possible models: 1) all 9 earthquakes are truely great earthquakes

(M > 8), 2) seven of the nine earthquakes might be less than M=8, but still
large events; 3) five of the nine events are truely great earthquakes with the
intervening events being less than M=8 but greater than M=7. Comparison of
the rates of great earthquake occurrence derived from trenching data with
rates derived from historic seismicity shows that the geologic recurrence
intervals are 2.5 to 4.5 times shorter than those derived from the historic
earthquake catalog (Thenhaus and others, 1980). Because of uncertainties in
both types of estimates, such comparisons provide a valuable perspective that
can guide future investigations depending on the proposed application of the
hazard map, or the objectives of a particular earthquake hazards investigation
project. An important point is that trenching studies address, in general,
only high magnitude earthquake occurrences. In regions of moderate to low

earthquake activity, the most probable earthquake ground motions to affect

buildings having normal lifetimes will come from the relatively more frequent

moderate-sized earthquakes rather than the rare, very large earthquake.

Rates of Fault Slip and Earthquake Recurrence

A recently developed method allows the rate of earthquake occurrence
along a fault to be calculated if the long-term average slip rate of the fault
is known (Molnar, 1979; Anderson, 1979). By assuming that all of the fault
slip is accommodated by seismic slip (that is, no aseismic fault creep has
occurred), and a relative occurrence frequency of earthquakes within a range
of magnitudes (b=value) up to some maximum-size earthquake expected on the

fault, an absolute frequency of earthquakes can be obtained.

In areas of active faulting, rates of fault slip can usually be assessed
from existing literature or existing geologic mapping by noting the age and
distance of relative displacement of a feature, or rock unit, across a
fault. The seismic moment (Mo) of any given earthquake is: M =W A
where U is the shear modulus, A is the fault area (the length and depth of
fault rupture), and u is the average slip on the fault during the
earthquake. Given a sufficiently long period of time, the sum of all
individual earthquake displacements along the entire fault will have caused

the noted offset of the geologic feature. The average recurrence interval for
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earthquakes having moments greater than M0 but not greater than M0 max i

given by the equation:

M Bax 1-8 8
= 0
T (Mo) Mo
( 1-B) M §
where Mo MaX is the moment of the maximum earthquake expected on the fault;

M $is the rate of occurrence of seismic moments (ﬁo§ =1Av , where V is the
average slip rate on the fault, ¥ and A were defined previously); M, is the
lower end of the range of moments of interest; and 8 is constant defined as
b/c, where b can be defined from observed historical seismicity data, or
assumed to be 1 (Anderson, 1979) and ¢ is rationalized as 1.5 based on

worldwide observations (Molnar, 1979).

Complete theoretical derivations of this method can be found in Molmnar
(1979) and Anderson (1979). A comparison of seismic rates derived from this
method and rates derived from the historic record of seismicity for several
faults of the San Andreas system (Anderson, 1979; Thenhaus and others, 1980)
indicates generally good agreement between the two methods and provides a
measure of confidence in the seismic rates used in the hazard study. 1In
regions having an inadequate historic data base of earthquakes to derive
statistical estimates of recurrence, fault slip-rates could be used to
estimate earthquake frequency. However, because considerable uncertainty
exists in all of the different methods of estimating earthquake recurrence
times (Molnar estimates results of the slip-rate method could be in error by
as much as a factor of 3 to 5), every effort should be made to collect and

compare data and results from a variety of methods.

Detailed Field Mapping of Faults and Fault Breaks

An ambitious field mapping project has been performed in coastal
California by the U.S. Geological Survey aimed at mapping faults and fault-
strands in detail and assessing bounds on ages of latest displacements (for
example, Ziony and others, 1974; Buchanan-Banks and others, 1978). Figures 2-
A and 2-B provide insight into the detail of investigation. Such mapping

projects are very useful in earthquake hazard studies. However, such
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Symbols below indicate location of 1) late Cenozoic stratigraphic unit not
displaced by fault movement, 2) unit displaced by fault movement, and 3)
geomorphic feature formed by fault movement. Number within each symbol
indicates age of each unit based on the generalized time spans of the Age
Range Chart; the youngest reasonable age is assumed for deposits whose age
is uncertain

Oldest known unfaulted stratigraphic unit deposited across

(:) or intruded along the fault. Latest fault movement pre-
dates age of unit

Youngest known stratigraphic unit displaced by fault. latest
O fault movement postdatcc age of unit

Geomorphic feature formed by fault movement. Llates: fault

<j movement inferred from type of feature (see footnotes 3/
and 5/ to Age Range Chart)

Figure 2A.—Figure Explanation for map shown on figure 2B. Note the geologic
criteria for dating ages of latest fault movement.
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compilations covering an area of about 10,000 km2 can take four or more years

to complete with a staff of several geologists.

It is this type of mapping that provided data for detailed seismic source
zones of a seismic ground motion hazard map of coastal California (Thenhaus
and others, 1980). In this study faults of regional extent are considered
seismogenic zones in themselves, if an association between the fault and
seismicity can be inferred. This inference may be based on either evidence of
historic or Holocene surface faulting on the fault and/or the close spatial
association of seismcity with the fault. The boundaries of such seismogenic
zones are drawn arbitrarily 10 km on either side of the fault in order to
enclose the smaller historic earthquakes that may be associated with any
particular fault. No attempt is made to differentiate the segments of
individual faults into separate zones on the basis of different ages of latest
displacements. Instead, the occurrence of Holocene or historic rupture along
any segment of a fault is taken as an indication that the entire fault is

active and that events are equally likely along its entire length.

An Innovative Approach to Studying Young Faults: Fault Scarp Profiling

Geomorphic studies in the semiarid Great Basin region of the Western
United States (Fig. 1) showed that degradation of fresh, steep fault scarps
having normal displacements results in a subdued fault profile in time. The
crest and toe of the scarps become rounded and the initially steep fault scarp
face flattens as the scarp is eroded (Wallace, 1977). Bucknam and Anderson
(1979) quantified this geomorphic process through development of a field
method of fault scarp profiling. Comparison of profiles of scarps of a known
age (Pleistocene lake shoreline scarps) with profiles of tectonic fault scarps
provides relative dates as to when the tectonic fault scarps formed. Hence, a
rate of surface faulting activity per unit area can be assessed based on the
geologic record of fault scarps extending back tens of thousands of years.
Figure 3 compares regional rates of earthquake activity as determined from the
historic record of earthquakes and rates determined from application of the
scarp—profiling method. For broad regions the rates compare quite well;
however, for very small areas or individual faults the comparison is much

poorer and may result from periodic earthquake behavior of the individual
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fault or unreliable statistical results because of a very small data base of

historic earthquakes.

Most outstanding is the ease of application of the scarp-profiling method
and the rapid data collection technique that provides very useful information
for seismic hazard studies. By scanning standard stereo air photo images
(scale ¥ 1:60,000) in the office, a geologist can quickly identify linear
features, or vegetation lines in Quaternary alluvium. Typically,
reconnaissance field investigation is all that is required to identify the
feature as a probable fault scarp. The profiling itself can be performed by a
single person, although two is more convenient. Care needs to be taken in
locating scarp profiles so that washed areas, animal burrows, or hummocky
areas due to buried plant roots do not introduce error into the profile

slope. It is also important that the profile be measured normal to the scarp.

Although the application of this method is rapid, several years of study
were required to understand landform degradation and erosional processes in
this semiarid environment. This evolution of study could be generalized to
any geologic environment in that, several years (or more) of basic research on
fundamental geologic processes may be required in a region before innovative,

efficient methods of study focussed on specific questions are developed.

Maximum Magnitude Earthquakes and Fault Lengths

As in the above fault-slip formula, and in virtually every application of
geologic data to seismic hazard studies, some estimate of the maximum
potential size of an earthquake on a given fault is needed. Much analysis has
been performed on the correlation of length—of-fault-rupture to earthquake
size (for example Slemmons, 1977; Mark and Bonilla, 1977). Regressions of
magnitude on log length (M = a + b log L) can be used to estimate most
probable magnitude given rupture length and regressions of log length on

magnitude (log L = a + bM) can be used to estimate most probable rupture

length given magnitude. Care needs to be taken to use the appropriate
relationship for the variable being investigated. Most often some percentage
of the total fault length (ranging from 50% to 100%) is assumed to rupture in

an earthquake and the resulting magnitude is assessed. Usually some measure
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of conservatism is added by assuming a rather long fault rupture length.
However, a little recognized fact is that the regression provides a mean
estimate of magnitude given a fault rupture length and dispersion of the data
about this mean at certain rupture lengths could be on the order of two or
more magnitude units. Accounting for this uncertainty in the mean magnitude
estimate at given rupture lengths could easily boost maximum magnitudes higher

than assigning what is thought to be a consertively long rupture length.

Seismic Zones Having No Surface Faulting: Intraplate Earthquakes

The earthquake that affected the largest geographical area of the United
States historically did not occur in California, but rather in the mid-
continent region. A series of earthquakes persisted through the years of 1811
and 1812 in the northern Mississippi Embayment near the town of New Madrid,
Missouri (Fig. 1). The largest earthquake of this series had an epicentral
intensity of X-XI and was felt from the Rocky Mountain front to the east
coast. The tectonic setting of this earthquake long-remained an enigma.
Surface faulting is not obvious in the earthquake area, although sandblows are
widely present. The landsurface in the embayment is characterized by
monotonous low relief; an extremely benign appearance in comparison to the
dramat ic fault—bounded mountain blocks of the Basin and Range Province in the
Western United States. It was obvious that the relatively simple, straight-
forward field methods applied to studies of active faults in the Western
United States and that provided so much useful information on the earthquake
hazard would provide little information in this seismically active area. In
1975 the U.S. Geological Survey initiated an integrated multidisciplinary

effort to resolve this long—-standing seismological problem. Seismologic
- monitoring, gravity and magnetic studies, seismic-reflection profiling,
geomorphic studies, stratigraphic and structural studies, and heat-flow
investigations, were focused on the New Madrid earthquake region to identify
the geologic source of the 1811-1812 New Madrid earthquakes (McKeown and
Pakiser, 1982). The results indicate a northeast—trending zone of down-
faulted crustal rocks more than 200 km in length and about 75 km wide (Fig.
4). Inferred mafic plutons occur along the margins of this structure, and in
some cases are near the central axis. The overall geologic setting indicates

that this structure is an ancient buried rift that has been seismically

117



are00 -

33°00"

- - s
< ARRANSAS
it \ °

A

C(" ,

2 ~a AN VA
‘\ §{'.'stoum\_ LLwors LLingys Basiy '/ I‘D:K
o o~
o .

0ZARK

\
UPLIFT %
o

° 0 !LOOUFISLO
. PLUTON

° . - -ISN'UCK'_ -
MALOEN % . St TENNESSEE
PLUTON

MISSOURY

PARAGOULD 3
PLUTON /

JONE SB0!
PLUTON

COVINGTON

%
°
\?< NEWPORT « 2 PLUTON
> PLUTON
RRDma
N o
N\ o

0 10 20 30 40 50am
L e )

1 3 —t
EXPLANATION
~——— Northern limit of coastal-plain material of -~ Principal magnetic lineaments reflecting
the Mississippi Embayment faulting and lithologic contrasts in magnetic
a Mafic or ultramafic intrusion within the basement
Mississippi Embayment — ldentified ina ~ —— Fault — Bar and ball on downthrown side.

Dashed where inferred
------ Possible or hypothetical fault — Based upon
subsurface data or exceptionally strong
lineaments from aerial photos

dnll-hole core

. Mafic or ultramafic intrusion within the
Mississippi Embayment interpreted from
the magnetic field — Approximate A .
boundary of intrusion determined from Approximate margins of the Mississippi
zero contour of associated anomaly on the Valley graben — Shown by sections
second vertical derivative magnetic map A-A'and B- B’

° Earthquake epicenter

FIGURE 4.--Seismotectonic map of the New Madrid
earthquake region.

118




reactivated in the present—-day stress regime. Where microseismic activity
follows a northeast trend, central to the rift, predominantly strike-slip
motion occurs; where the seismicity trend jogs to the northwest, predominant
thrusting motion occurs. At the surface, above the zone of thrusting, warping
of the Mississippi River Valley floor has been identified through geomorphic
studies. Russ (1982) has unified this information in a proposed tectonic
model (Fig. 5). East-west directed compressive stress results in strike-slip
motion on northeast trending planes of weakness. Right-lateral motion is
required for a zone of convergence and thrusting on a northwest—-trending
plane. The zone of convergence also explains the geometry of local uplift at

the surface.

Seismic Source Zones in The Interior United States

The New Madrid investigations provide an excellent example of the scope
aod the research commitment that may be necessary to obtain lasting scientific
results pertinent to earthquake hazard questions in regions where the geologic
origins of seismicity are not known. However, the New Madrid area is only one
of many interior regions that have experienced historical earthquakes. The
New Madrid area gained distinction because, within historic¢ times, it has had
the largest earthquake. Rates of seismic strain release in interior plate
regions are in general low, hence recurrence intervals of large earthquakes
are long, on the order of at least many hundreds to thousands of years. There
may very well be (and most probably are) other zones in the central United
States capable of sustaining high magnitude earthquakes. It is just
fortuitous that the large earthquakes have not occurred within the
geologically short time period of recorded history. Clearly, a research
program of the scope carried out in New Madrid region is not feasible for

every area that has experienced earthquakes historically.

Figure 6 shows the historic earthquake catalog of the central United
States along with seismic source zones used in a study that estimates the
earthquake ground-motion hazard throughout the United States (Algermissen and
others, 1982). Surface faulting is unknown throughout this region and active
faults having a probable association with historically damaging earthquakes

are unknown outside of the New Madrid zone. The source zones are based
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primarily on the geographic distribution of historic seismicity, and the rates
of earthquake activity are also determined from the historic record of

events. For the most part, the distribution of earthquake activity appears to
be strongly associated with high basement features such as domes and broad
arches. These regional basement features, where they could be at least
associated with a number of lower intensity historical earthquakes, provided a
useful guide in drawing the zone boundaries. The total seismic rate of
earthquake occurrence within the zones of high basement features is a factor
of 10 greater than the total seismic rate of the intervening areas, excluding
the New Madrid earthquake area and adjacent source zones. An important aspect
of an earthquake hazard map is to identify areas of possible future
occurrences of large earthquakes. Strong regional correlation of historic
seismicity with geologic structure can provide a useful approach to this

problem when causes of seismicity are unknown.
SUMMARY

Much useful information on earthquake recurrence intervals and estimates
of maximum earthquake magnitudes on faults can be obtained in regions of
active faulting through the application of relatively simple and inexpensive
methods of geologic investigation. The results are usually not unequivocal
but are useful for regional comparison to statistically derived rates of
earthquake recurrence. In site—specific hazard studies where the seismic
potential of a small pumber of faults is in question, these methods can
provide an earthquake history of large earthquake occurrence on individual

faults extending back tens of thousands of years.

In regions where active faulting is unknown, investigations requiring a
much broader scope and involving much more effort in terms of man—power and
capital investment may be required to merely identify the seismically active
geologic structure. Where such an effort is not feasible nor practical,
useful estimates of the seismic hazard can be made on a regional scale noting
correspondence between the historical catalog of events and regional geologic

structure.
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HISTORICAL EVIDENCE OF EARTHQUAKE ACTIVITY

By
Margaret G. Hopper

U.S. Geological Survey
Denver, Colorado 80225

INTRODUCTION

Historical evidence of earthquake activity comes from many sources. This
paper will focus on earthquake catalogs aund the informatiom that goes into

them, especially the historical information.

We will first look at some examples of earthquake catalogs and what they
contain. Second, we will discuss the minimum ioformation that an earthquake
catalog should countain to be useful for seismic hazard planning. Finally, we
wlll discuss a large anumber of other things from the historical record that
might be Included in a good earthquake catalog. Emphasis in this paper will
be on historical data, particularly inteunsity data, rather than on modern

instrumental information.

EXAMPLES OF EARTHQUAKE CATALOGS

There are several different kinds of earthquake catalogs. Table 1 gives
examples of each of these catalog types. The first three catalogs in table 1
list earthquakes located all over the earth, the remalnder list shocks for a

specific country, countinent, or region.

Some catalogs, such as the Gutenberg and Richter catalog, give ounly the
time, location, magnitude, and reference for each earthquake listed. Others
contaln much more information on each earthquake. For example, the ISC
catalog gives the readings recorded by each seismograph station reporting the
earthquake. The last two catalogs on the list, "Earthquake History of the
United States” and "United States Earthquakes," are examples of catalogs

giving descriptive and intensity information.
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TABLE l.--Examples of earthquake catalogs

[Complete information in reference 1list]

A. Gutenberg and Richter, 1954 -- world

B. 1ISC (International Seismological Centre) —- world

C. PDE (Preliminary Determination of Epicenters) -— world
(National Earthquake Information Service)

D. Shebalin, 1974 -- Balkans

E. Earthquake History of the United States
(Coffman and others, 1982) —— United States

F. United States Earthquakes, 1928 to present —-

United States

Most earthquake catalogs today are lists on computers, rather than in
books. Many things can be done easily with a computer catalog that would be
extremely time consuming with a catalog in a book. Computer catalogs can be
updated or corrected quickly and easily. Subsets of the data can be extracted
for a specific purpose. The data can be sorted in many different ways. Plots
can be made of the data by the computer. Keeping a catalog on a computer
makes 1t far more versatile and useful. However, the book form is also useful
for ready reference to such things as maps, graphs, and photographs, even

though the maps and graphs can be kept in digital form on the computer.

ESSENTIAL CONTENTS OF EARTHQUAKE CATALOGS

Many different kinds of information may be included in earthquake
catalogs. The Information kept depends on the purpose for which the catalog

is used. Table 2 shows the most essential contents of an earthquake catalog
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TABLE 2.—-Essential contents of an earthquake catalog that 1s to be used

for seismic hazard evaluation

A. LOCATION
1. Epicenter (+ quality + reference)
2. Depth (+ quality + reference)
3. Reglon and/or name (+ reference)
B. TIME
Year-month-day=hour-minute-second (+ reference)
C. SIZE
1. Magnitudes: M, (+ reference)
o (+ reference)
other (+ reference + scale)

2. Maximum intensity: I (+ reference + scale)
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that would be of use for seismle hazard evaluation. At minimum, such a
catalog should contain the location, time, and size of the earthquakes. Since
the information for a single shock has most 1likely been assembled from several
dif ferent sources, it i1s also necessary to give a reference for each piece of
information in the catalog. Moreover, a quality factor, or estimate of
accuracy, should also be given for each measured, calculated, or estimated
number in the catalog. Finally, all units (kilometers, centimeters, degrees,
minutes, seconds, hours, ete.) and all scales (M.M., MS, o, ete.) should be

marked and a complete explanation of each scale appended to the catalog.
Location

Location includes the latitudes and longitudes of the eplcenters, depth
of focus, and a name and (or) region number. Name or region number might
include such things as country, state, county, physiographic province, seismic
source zone, or location on an arbitrary grid system. The more such keys are
incorporated into a computer catalog, the more versatile that data base 1is.
Before a new catalog is compiled, careful thought must be given to all the
uses to which the catalog is likely to be put, what Information may be needed,
and the format in which it 1s to be organized.

With locations alone, a seismicity map may be made for the reglon covered
by the catalog. A seismicity map of this kind is useful for defining zones of
major seismlic activity, but does not show the sizes of the earthquakes, how

often they occur, or how widespread are their effects.

If a catalog contains preinstrumental or historic earthquakes as well as
instrumental earthquakes, such differences should be noted. Epicenters of
preinstrumental earthquakes are usually estimated from the location of the
maximum reported intensity. Modern earthquakes that are both instrumentally
recorded and well reported prove that the maximum intensity locatlon may be 50
km or more away from the instrumental epicenter. In addition, for old
earthquakes in sparcely populated areas, the reported location of the maximum
intensity itself may be far from the epicenter. The epicenter is usually
assumed to be at the location of the observer who reported the maximum

intensity. If there were no observers within the meizoseismal area during or
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shortly after the earthquake (or 1f they left no written accounts), then the

reported intensity center may be far removed from the actual epicenter.

Since the amount, distribution, and quality of data avallable for
historical earthquakes varies so much from one earthquake to another, the
parameters estimated from that data also vary widely in quality. Estimated
epicenters, felt areas, magnitudes, etc. may be quite good or very poor.
Estimates of the quality of the various estimated parameters and descriptions
of the methods of estimating the parameters are useful. At least,
instrumental values should always be distinguished from values estimated from

Intensity or other information.
Time

The time of the earthquake is the year, month, day, hour, minute, second,
and tenths of a second. Precise time is important in order to distinguish
among the many aftershocks that frequently follow large earthquakes.
Greenwich Mean Time or the local standard time(s) should be specified. The
date and time of an old shock is often a problem. Lack of precision in the
way dates were reported in old newspapers and letters can easily lead to the
same earthquake being listed in a catalog at two different times, most likely
exactly one hour, one day, or one week apart. Such catalog entries should be
regarded with susplecion. Also suspect are the times listed for earthquakes
before standard time zones were established. Usually, each town had its own
time, based on local noon. A town's time would be several minutes different
from that of the next town down the road. Thils confuses the time of the main

shock, and makes separating a serles of aftershocks virtually impossible.

Size: Magnitude

Size of an earthquake 1s denoted by two methods. The first is magnitude,
an Iinstrumental measure of the amount of energy generated at the source. A
number of different magnitudes are used. A useful catalog should contain at
least MS (surface-wave magnitude) and m, (body-wave magnitude) for each
earthquake. Other magnitudes, such as a local magnitude M; Or a moment

magnitude Mo’ may also be included. Text accompanying the catalog should

129



completely define how each type of magnitude reported in the catalog 1is

calculated.

A common use of an earthquake catalog is to extract a subset of
earthquakes from it, for example, all the shocks with MS greater than 7.5. To
do this, 1t 1s necessary to have the same type of magnitude (in this case MS)
for each earthquake in the catalog. Since the same type of magnitude is not
always reported for every earthquake, a way must be found to calculate the
desired type of magnitude for the shocks that have some other magnitude(s),
but not the desired one. Because the relationship between two types of
magnitudes 1s usually approximately linear over the magnitude range of
interest, a simple linear regression may suffice to estimate the missing
magnitudes. For example, suppose Ms 1s the type of magnitude desired for
every entry, but MS is not glven for every entry. However, there are some
entries giving both M, and some other measure of size (mb, M, I (maximum

intensity)). Then, relationships can be derived such that:

Ms=a(l)+b(l)mb
Ms=a(2)+b(2)ML
Ms=a(3)+b(3)Io

These relationships can then be used to calculate estimates of the
missing MS values. Of course, each such estimated magnitude should be clearly
marked in the catalog as having been estimated rather than derived from
instrumental amplitudes, and the method of estimation should be explained

fully.

Magnitudes of preinstrumental earthquakes may also be included in an
earthquake cataloge. These may be estimated from intensity or geologic
information, and there is likely to be a very wlde range in the quality of such
estimates. Where there 1s little information about an old earthquake, a
magnitude may be estimated based on the maximum reported intensity Io’ or,
better, on the felt area of the earthquake. If enough information exists about
the old shock to make at least a rough isoselsmal map, a better estimate of the
shock's magnitude may be obtained from the attenuation of intensity with

eplcentral distance. (Because rate of Intensity attenuation varies from reglon
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to reglon, a knowledge of the attenuation In the reglon of the earthquake 1s
necessary for use of the latter two methods; thils can be obtained from modera
earthquakes.) If there 1s geological evidence of surface faulting, the magnitude

may also be estimated from the length of the rupture zone.

Size: Maximum Intensity

A less preclse method of denoting earthquake size 1s maximum intensity.
Maximum intensity Io 1s needed in addition to magnitude for continuity between
prelnstrumental and modern earthquakes. Maximum Intensity is primarily of
interest for moderate and larger earthquakes (IO_Z_VI M.M.), since the smaller
shocks are probably not known very many years back in time. A catalog of
microearthquakes recorded by a local seismic network, for example, might have
little need of Io's because few of the earthquakes may be large enough to be

felt.

Whenever any kind of intensity Iinformation is included in a catalog, it is
important that the catalog specify the intensity scale that is used. The scale
should, moreover, be reproduced in full in the text accompanying the catalog,
along wlth any necessary comments on the local varlations In the use of the
scale. Whenever possible, it Is best to have all the intensities in a catalog
assigned by a single researcher, thus eliminating personal variations in

interpretation of the intensity scale.

There are several intensity scales in use in the world today. In addition
to the Modified Mercalli Scale in use in the United States, there is the Japanese
scale and the Geoflian Scale (Russia). The Rossi-Forel (R.F.) Scale was commonly
used in the United States until 1931, and there are many pre-1931 1soseismal maps
and Intensity studies evaluated in that scale. Table 3 compares these four
scales and affords a “"quick and dirty” method of converting intensity values from
one scale to another without actually going back to the original accounts and

reassigning the intensities in the new scale.

Estimate of Completeness

Besldes location, time, and size of the earthquakes, there is one more

essentlal of a good catalog if the catalog 1s to be useful for seismic hazard
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evaluation. That 1s an estlmate of the completeness of the records for each size
of shock in the catalog. For example, in the New England reglon of the United
States, we think we know of every earthquake with I0 2 VIII M.M. since the mid-
1600's. There were enough people, newspapers, letters, diaries, etc. in that
place at that time so that an earthquake of intensity VIII would almost surely
have been reported and be in our catalog. Reports of maximum intensity VI
earthquakes, however, are probably not complete for the New England region until
the mid-1800's. 1In the Western Mountain and Pacific Northwest reglons of the
United States there are no earthquake records at all prior to the mid-1800's.
There are unpopulated places in the world today where a maximum—-intensity-VIII
event would probably not be reported at all 1f we still had to depend only on

felt reports rather than seismograph records.

OTHER USEFUL HISTORICAL INFORMATION FOR AN EARTHQUAKE CATALOG

In addition to location, time, and size of the earthquakes, and an estimate
of the completeness of the catalog, there are a number of other useful things in
the historical records that might be Included in an earthquake catalog (see table
4). Which of the following are chosen for inclusion in a particular catalog

depends on local circumstances and on the intended purposes of the catalog.

Isoselismal Maps

Isoselsmal maps are plots of all the assigned intensities for a particular
earthquake contoured for each level of Intensity. The simplest isoseismal map is
simply an outline of the felt area with a notation at the epicenter. More useful

isoseismal maps show all the intensities and all the contours.

Information on which to base intensity assignments for old earthquakes is
often scarce. Since there are few data points on the intensity map of the old
earthquake, the contours tend to be smooth and rather circular. With better
information, modern earthquakes have much more interesting lsoseismal maps,
showing protrusions of higher intensities (for example, along river valleys) and

reentrants of lower intensities (for example, where there is bedrock).
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to region, a knowledge of the attenuation in the region of the earthquake is
necessary for use of the latter two methods; this can be obtalned from modern
earthquakes.) If there 1s geological evidence of surface faulting, the magnitude

may also be estimated from the length of the rupture zone.

Size: Maxlmum Intensity

A less precise method of denoting earthquake size 1s maximum intensity.
Maximum intensity 10 1s needed in addition to magnitude for continuity between
preinstrumental and modern earthquakes. Maximum intensity is primarily of
interest for moderate and larger earthquakes (I > VI M.M.), since the smaller
shocks are probably not'known very many years back In time. A catalog of
mlcroearthquakes recorded by a local seismic network, for example, might have
little need of Io's because few of the earthquakes may be large enough to be

felt.

Whenever any kind of intensity information is included 1n a catalog, it is
important that the catalog specify the 1intensity scale that is used. The scale
should, moreover, be reproduced in full in the text accompanying the catalog,
along with any necessary comments on the local variations In the use of the
scale. Whenever possible, 1t i1s best to have all the Intensities in a catalog
assigned by a single researcher, thus eliminating personal variations in

interpretation of the Intensity scale.

There are several intensity scales in use in the world today. In addition
to the Modified Mercalli Scale in use In the Unlted States, there is the Japanese
scale and the Geofian Scale (Russia). The Rossi-Forel (R.F.) Scale was commonly
used In the United States until 1931, and there are many pre-1931 isoseismal maps
and Intensity studies evaluated 1n that scale. Table 3 compares these four
scales and affords a "quilck and dirty” method of converting intensity values from
one scale to another without actually going back to the original accounts and

reassigning the intensitles 1n the new scale.

Estimate of Completeness

Besides location, time, and size of the earthquakes, there 1s one more

essentlal of a good catalog if the catalog is to be useful for seismic hazard
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TABLE 3.--Comparison of seismic intensity scales

MODIFIED
ROSSI-FOREL MERCALLI GEOFIAN  JAPANESE

<

Vil Vi

Vil vill

(Taken from Barosh, 1969, and Wood and Neumann, 1931)
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evaluation. That 1s an estimate of the completeness of the records for each size
of shock in the catalog. For example, in the New England region of the United
States, we think we know of every earthquake with Io Z’VIII M.M. since the mid-
1600's. There were enough people, newspapers, letters, diaries, etc. 1n that
place at that time so that an earthquake of inteunsity VIII would almost surely
have been reported and be in our catalog. Reports of maximum intensity VI
earthquakes, however, are probably not complete for the New England region until
the mid-1800's. In the Western Mountain and Pacific Northwest regions of the
United States there are no earthquake records at all prior to the mid-1800's.
There are unpopulated places in the world today where a maximum—intensity-VIII
event would probably not be reported at all if we still had to depend only on

felt reports rather than selsmograph records.

OTHER USEFUL HISTORICAL INFORMATION FOR AN EARTHQUAKE CATALOG

In addition to location, time, and size of the earthquakes, and an estimate
of the completeness of the catalog, there are a number of other useful things in
the historical records that might be included 1n an earthquake catalog (see table
4). Which of the following are chosen for ineclusion in a particular catalog

depends on local circumstances and on the intended purposes of the catalog.

Isoselsmal Maps

Isoseismal maps are plots of all the assigned Intensities for a particular
earthquake contoured for each level of intensity. The simplest isoseismal map is
simply an outline of the felt area with a notation at the eplcenter. More useful

isoseismal maps show all the intensities and all the contours.

Information on which to base intensity assignments for old earthquakes is
often scarce. Since there are few data points on the intensity map of the old
earthquake, the contours tend to be smooth and rather eircular. With better
information, modern earthquakes have much more lnteresting isoselsmal maps,
showing protrusions of higher intensities (for example, along river valleys) and

reentrants of lower intensities (for example, where there is bedrock).
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TABLE 4.-—0Other useful historical information for an earthquake catalog

A. Isoseismal maps

B. Intensities at specific sites

C. Areas at each intensity level

D. Felt area

E. Unusual effects and speclal circumstances
F. Surface faulting

G. Surface faulting and rupture length
H. Duration

I. Casualtles and injuries

J. Estimate of damage cost

K. Tsunami

L. Ground effects

M. Long-period effects

N. Aftershocks

0. Rockbursts and exploslons

P. Photographs

Q. Duplicate events

R. Format
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The collection of isoseismal maps for a region can be used to generate a map
showing the maximum Intensities ever reported for every point in the region.
Such a maximum intensity map is a very basic kind of seismlic risk map. It gives
the highest intensity known to have occurred at any given point, but gives no
information about how often that intensity might have occurred, or what 1s the
likelihood that that intensity might be exceeded 1in, say, 500 years.

Intensities at Specific Sites

This is the data used to make an isoseismal map. It may be as simple as a
list of locations, each with its assigned intensity, or as thorough as a complete
descriptive report of the effects at each site. An example of the latter type of
catalog is the publication, "United States Earthquakes."” This is a series of
booklets, one published every year since 1928, each containing information about
all the earthquakes felt in the United States in a single year. Descriptions of
effects at each site are given for all the places reporting moderate to high
intensities. For the lowest intensities, all the towns assigned each intensity
are listed. Contoured isoseismal maps showing the distribution of intensities
are included for the larger and more important shocks. More recent books in the
U.S. Earthquakes series also have photographs of both typical and unusual
damage. This series of books is also kept as a computer catalog. The computer
verslon lists time, location, magnitude, town name, town latitude and longitude,

and town intensity.

The intensity data presented in "United States Earthquakes" is gathered
using questionnaire cards like the one shown in figure 1. The cards are
computer-addressed and are sent to post offlces. About 20,000 questionnaires
like this are malled each year. For a small earthquake, 50-100 cards might be
used, depending on the location and importance of the earthquake. For a larger

shock, 2000-3000 cards might be sent (Carl Stover, oral commun., 1984).

Areas at Each Intensity Level

This information 1s obtained by measuring the areas on an isoseismal map.
The areas can be used to plot an intensity—-attenuation curve (a graph of the

fall-off of intensity with eplicentral distance) for the earthquake. The curve is
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Figure la,-—Questionnaire used to gather intensity

U.S. DEPARTMENT OF THE INTERIOR
GEOLOGICAL SURVEY
EARTHQUAKE REPORT

Please answer this questionnaire and return as s00n as possible

1. Was an sarthquake feit by snyone In your town near the date and time
indicated on the opposite page?

Form Approved
OMB No. 42-R1700

O No: Pleass refold and tape for return mail.
OvYes: Date Time OaM (O Stwndard time
AOPM (] Daylight time
Name of person tilling out form
Address
City County.
State Zip code
if you felt the esrthquake, wi the following section. 1f others feit the sarthquake
but you did not, skip the personal report and plete the ity report.
PERSONAL REPORT
2. Did you personsily feel the sarthquake? 1] Yes O No
Were you awakened by the sarthquake? (] Yes O No
Were you frightened by the earthquake? 3I(J Yes 0 No
Woere you at 40 Home S Work 60 Other?

Town and zip code of your iocation at time of sargthquake
Check your activity when the esrthquake occurred: .

10 Walking 803 Sleeping 40 Lving down W0 Standing
10 Driving (cer in motion) 1207 Sitting BO Owher
Were you MO Inside or 150) Outside?
it inside, on what fioor were you? i
Did you have difficuity in standing or walking 1100 Yas 1800 No
Vibration could be described as 19(] Light 2000 Moderate 21(] Strong
Was there earth noise? ONe 20 Faint B JModerute 240 Loud
Direction of noise 0O North J8outh OEast 0O west
Estimated duration of 250 sudden, sharp (less than 10 secs) 2600 Long (30-60 secs)

shaking 270 short (10-30 secs)
Cantinue on to next section which should include personal as well as reported observations.

COMMUNITY REPORT

TYown and zip code
DO NOT INCLUDE EFFECTS FROM OTHER COMMUNITIES/TOWNS
Check one box for each q ion that is spplicabl

3a. The earthquake was felt by [J No one 280) Few 2900 Several N0 Many 300 am?
©. This earthquake awakened (J No one 32[) Few 30 Severat WU Many 50 An?
c. This esrthquake frightened [J) No one 360 Few ~ 3700 Several B0 Many 330 AN?
4. What indoor physical effects were noted in your community?
Windows, doors, dishes rattied WO Yes OnNo
Walls creaked H0ve OnNo
Building trembled {shook) 20 Stighty 430) Strongly
Hanging pictures {more than one) HDOSwung $00ut of place % Fallen

Windows 42 JF ew cracked 44(5Some broken out ) Many broken out

Small objects ovarturned S00] Few $10) Many
Small objects falien 520) Few $30) Many
Glassware/dishes broken SI0Few 550 Many
Light furniture or smastl appliances %) Overwurned 5700 Damaged seriously
Heavy furniture or applisnces 580 Overturned 590 Damaged seriousiy

Did hanging objectsordoors swing? SDm:S.? 610 Moderastely  62{] Violently

Can you estimate direction? ONorth/South D EasuWest Oother

Items thrown from store shelves $30 Fow $40) Many
Continued an the reverse side

data for "United States Earthquakes."
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useful for comparing the attenuation of several earthquakes. In particular, the
magnitude of an old, preinstrumental earthquake may be estimated by comparing its
intensity—attenuation curve with those of better documented modern shocks in the
same region. An Intensity-—attenuation curve can also be used to estimate the
distances to which damaging intensities are likely to extend for a hypothetical

future large earthquake in a region.

Isoselsmal areas for earthquakes along international borders or along sea
coasts are not complete. These partial areas should be denoted as different from
complete areas. If complete areas are essentlal, they may be obtained by
sketching in the missing parts of the partial contours. However, magnitudes
estimated from sketched-in contours may easily be over- or underestimated by as

much as a whole magnitude unit.
Felt Area

Felt area, along with maximum intensity Io’ is frequently reported for old,
prelnstrumental earthquakes. A map showlng the rough boundaries of the felt area
may be the best 1soseismal map that 1s possible for some large, but poorly
documented, earthquakes. Felt area can also be used to estimate magnitude by
comparing an earthquake's felt area to felt areas of other earthquakes of known

magnitude in the same reglon.
Felt areas limited by 1International borders or the sea are frequently given
in catalogs as the area within a country or on land only. These partial felt

areas should be clearly denoted as different from complete felt areas.

Unusual Effects and Special Circumstances

Unusual or unexpected effects occur during almost every earthquake. Some
examples: (1) An old, poorly designed, poorly constructed, and decaying bullding
within an intensity-VIII area 1is, nevertheless, not badly damaged. (2) A new,
modern, well desligned, well constructed, and well maintained bullding, supposed
to be earthquake resistant, 1s severely damaged within an intensity-VII area.

(3) Intensities are higher in one city block than in the adjacent block that has
structures of simllar age, quality, and type.
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Special circumstances are things that sometimes explain unusual effects.
They include (1) amplification or damping of seismic waves due to local geologic,
topographic, or water table conditions; (2) liquefaction effects, ranging from
sand blows to major landslides caused by the liquefaction of a layer at depth;
(3) age, design, quality of materlals, quality of workmanship, and upkeep of

structures; and (4) previous earthquakes affecting the site.

Some special circumstances are needed to assign intensities. The intensity
scale takes 1nto account the quality of damaged structures. That is, a poor
structure 1s expected to fail at a lower intensity than a good structure (see
Richter, 1958, chap. 11). Records of types of clrcumstances that resulted in
unusually low or high intensities are useful for future planning purposes in

other similar regions.

Unusual effects also include those things that are reported frequently but
that are not easlly demonstrated or explalned after the earthquake. For example,
people often report seeing large, relatively slow, waves 1n the ground during an
earthquake. But after the earthquake has ended, no trace can be found of the
expected cracks, even when the waves were observed in an expanse of some rigid
substance like concrete. The appearance of such waves may be a phenomenon of the
inner ear, but it 1is not well understood. Other unusual effects about which a
body of data 1s growlng are earthquake lights and unusual animal behavior.
Although none of these are useful for disaster planning purposes, they may some
day prove useful in understanding the nature of the earthquake process and how

structures and living things respond to that process.

Surface Faulting and Rupture Length

Damage 1s usually highest along the strike of a surface fault. Any
structure built across the fault 1s expected to be torn apart. Also, the rupture

length of a surface fault 1s related to the magnitude of the earthquake.
Faulting does not necessarily occur at the surface. Earthquake faulting at

depth produces different patterns of seismic waves at the surface and different

attenuation patterns.
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Duration

Larger earthquakes, in addition to producing larger waves, higher
accelerations, etc. than smaller shocks, also continue for a longer time. This
increase in the duration of strong ground motion with Increase in magnitude 1is an
important component of the greater damage done by larger earthquakes. Since
selsmic waves attenuate with distance from the eplcenter, duration of strong

motion 1s also longer nearer the epicenter than farther away.

Duration for modern earthquakes 1s commonly defined as the time during which
the instrumentally recorded acceleration remains above 5 percent g, or,
sometimes, above 10 percent g. Sometlimes, observers estimated a duration for
prelnstrumental earthquakes. Unfortunately, six observers in the same place are
likely to report six different durations ranging, for example, from 15 seconds to

3 minutes.

Casualties and Injuriles

Not only the numbers are of interest here, but also the circumstances. If
all-the dead and injured were 1in a single structure that collapsed, 1nformation
about that structure is significant for future bullding codes. If many were in a
major landslide or killed by a tsunaml, that is significant for future zoning and
land~-use restrictions. This type of information 1s especially important if

deaths and 1njurles from future earthquakes are to be minimized.

Estimate of Damage Cost

A number of different estimates of the dollar amount of damage may appear
for a single earthquake. It 1is ilmportant to know who collected the information
and for what purpose. Federal/local officlals, federal/local disaster assistance
personnel, {insurance investigators, people gathering information for tax records,
newspaper reporters, etc., all have different motives for collecting this kind of

information and different methods of estimating the damage cost.
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A fire following an earthquake (perhaps difficult to extinguish because of
damaged water plpes) may cause more damage than the original shaking; so may a
large tsunaml. Afterwards, 1t may be 1lmpossible to distingulsh earthquake

shaking damage from flre or wave damage.

Tsunami

Earthquake-generated tsunamls can cause damage even at great distances from
the epicenter of an earthquake. Locally, a tsunaml may be more devasting than
the shaking effects of the earthquake. For example, In coastal areas near the
epicenter, a tsunam! may strike within a few minutes of the shock, destroying

whole harbors and small towns.

Selches may also be generated 1n enclosed bodies of water at large distances

from an earthquake.

Ground Effects

Ground effects caused by earthquakes include rock falls, landslides, slumps,
lateral spreads, and liquefaction effects. These effects are known to occur on a
small scale at lower Intensities than their location in the Modifled Mercalll
Scale implies. The ground effects become large scale and common Iin areas where
the right conditions exlst, and where intenslt{es are VIII M.M. or more. For old
earthquakes, many or most of the reports may be about ground effects rather than
shaking effects. Since ground effects occur over a wide range of intensities, it
1s difficult to assign a precise intensity based on ground effects alone.
Therefore, Intensities based solely on ground effects data are likely to be much
less accurate than, for example, Intensitles based on damage to man—made

structures.

A special category of ground effects is liquefaction effects. Repeated
intense vibrations can cause a loose, water—-saturated soil layer at depth to
liquefy or loose all its shear strength. When this happens, water and soll may
be pumped to the surface by continuing shaking, resulting in sand blows. Large
bulldings situated on top of a sand blow may sink or tilt, and buried structures

(such as pllings or tanks) may float to the surface. There were many such
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effects 1n the 1964 Nilgata earthquake (Kawasumil, 1968). If the liquefied layer
slopes toward an open face or bluff, the entire mass above the liquefied layer
may sllide toward that face. This elrcumstance caused much damage 1in the 1964

Alaska earthquake (Wood, 1967).

Areas where the geologle, topographle, and hydrologic conditions suggest
susceptibllity to ground effects should be compared with areas that are close
enough to a possible earthquake source to experience high intensitles. Thus,

areas havling potential for severe ground effects may be dellneated.

Long—Period Effects

The farther away from the eplcenter, the more the longer period waves with
low acceleration but high displacement begin to predominate over the short-
perlod, high~acceleration vibratlons that do the most damage 1in the eplcentral
reglon. At distances of several hundred kilometers, the predominant period 1is
about the same as the natural period of tall buildings. Thus, damage may be done

to such bulldings in locations distant from the epicenter.

Other possible long-period effects are landslides, oscillations in well
water, swinglng and swaying objects, and dizziness reported by particularly

sensitive people.

Aftershocks

Aftershocks, some quite large, may continue for days, or even years, after a
great earthquake. Aftershocks of lower magnitude than the main shock sometimes
cause damage equlvalent to that of the main shock. For example, a structure

weakened by the main shock may finally collapse during an aftershock.

Reports of long—continuing aftershocks may be useful for delineating the
epicentral region of an old, prelnstrumental earthquake. The larger aftershocks
occurring within a few days or weeks of the malin shock will have been reported
felt over a falrly large area, but reports of the smaller shocks, which may have

continued for years, will have been limited to the eplcentral region.
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For some purposes, such as calculating earthquake return periods, it is

desirable to temporarlly remove known aftershocks from the earthquake list.

Rockbursts and Explosions

Rockbursts or mlne collapses and artifically generated explosions frequently
find their way 1nto catalogs of earthquakes. Whenever such a cause is known, it

should be noted in the catalog to avold future confusion with actual earthquakes.

Photographs

Since earthquake damage is seldom left undisturbed long enough to be studied
very carefully, photographs provide a means of examining damage, showilng 1t to
others, and comparing it with damage from other earthquakes. Piectures are useful
for earthquake researchers, for disaster planners, and for educating the public

about earthquake safety.

Duplicate events

Before a catalog 1s useful for plotting seismicity or determining recurrence
rates, multiple entries referring to the same shock must be removed. A catalog
1s usually compiled from several pre—existing catalogs. Eplcenters, magnitudes,
and times will not be reported as the exact same values by all the source

catalogs. Confusion can also be caused by local time or Greenwich time.

Rules should be established for deciding which listing to accept when two or
more entries thought to refer to the same earthquake are found. If one input
catalog 1s generally more reliable than others, 1ts values would be preferred.

Experience with the data set is the best guilde.
Format
Consider carefully the format to be used before starting to develop a new

earthquake catalog. Changlng the format of a large catalog can be a time-

consuming problem, even with a computer.
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MODIFIED MERCALLI INTENSITY SCALE OF 1931
(From Wood and Newmann, 1931)

I

Not felt--or, except rarely under especlally favorable
clrcumstances.
Under certain conditions, at and outside the boundary of
the area in which a great shock 1s felt:
I sometimes birds, animals, reported uneasy or disturbed;

R.F.1 sometimes dizziness or nausea experienced;
sometimes trees, structures, liqulds, bodles of water, may
sway--doors may swing, very slowly.
II
Felt indoors by few, especlally on upper floors, or by sensitive, or
Nervous persons.
Also, as in grade I, but often more noticeably:
I sometimes hanging objects may swing, especlally when
to delicately suspended;
II sometimes trees, structures, liquids, bodles of water, may
R.F. sway, doors may swing, very slowly;
sometimes birds, animals, reported uneasy or disturbed;
sometimes dizziness or nausea experienced.
IIX
Felt indoors by several, motion usually rapid vibration.
Sometimes not recognized to be an earthquake at first.
Duration estimated in some cases.
I1X Vibration like that due to passing of light, or lightly
R.F. loaded trucks, or heavy trucks some distance away.

Hanging objects may swing slightly.

Movements may be appreclable on upper levels of tall
structures.

Rocked standing motor cars slightly.

1Indicates corresponding degree of intensity in the Rossi-Forel scale, an
intensity scale widely used 1n the United States before the publication of the
Modified Mercalll Scale in 1931. Intensity scales used In other parts of the
world are discussed in Barosh (1969). An amplified version of the Modified
Mercalll scale 1s given by Richter (1958).
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v

Felt indoors by many, outdoors by few.
Awakened few, especlally light sleepers.
Frightened no one, unless apprehensive from previous
experience.
Vibration like that due to passing of heavy, or heavily
loaded trucks.

v Sensation 1like heavy body striking building, or falling of
to heavy objects inside.
v Rattling of dishes, windows, doors; glassware and
R.F. crockery clink and clash.
Creaking of walls, frame, especially in the upper range of this
grade.

Hanging objects swung, in numerous instances.
Disturbed liquids in open vessels slightly.
Rocked standing motor cars noticeably.

v

Felt indoors by practically all, outdoors by many or most;
outdoors direction estimated.
Awakened many, or most.
Frightened few—-slight excitement, a few ran outdoors.
Buildings trembled throughout.
Broke dishes, glassware, to some extent.

v Cracked windows——1in some cases, but not generally.

to Overturned vases, small or unstable objects, in many

VI instances with occasional fall.

R.F. Hanging objects, doors, swing generally or considerably.

Knocked plctures agalnst walls, or swung them out of place.

Opened, or closed, doors, shutters, abruptly.

Pendulum clocks stopped, started, or ran fast, or slow.

Moved small objects, furnishings, the latter to slight extent.

Spilled 1liquids in small amounts from well-filled open
contalners.

Trees, bushes, shaken slightly.
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VI
to
VIiI
R.F.

VIII—~

R. F.

VI

Felt by all, indoors and outdoors.

Frightened many, excltement general, some alarm, many ran
outdoors.

Awakened all.

Persons made to move unsteadily.

Trees, bushes, shaken slightly to moderately.

Liquid set in strong motion.

Small bells rang--church, chapel, school, etc.

Damage slight 1n poorly built buildings.

Fall of plaster 1n small amount.

Cracked plaster somewhat, especlally fine cracks chimneys in
some Instances.

Broke dishes, glassware, in conslderable quantity, also some
windows.

Fall of knick-knacks, books, pictures.

Overturned furniture in many instances.

Moved furnishings of moderately heavy kind.

VIL

Frightened all-—-general alarm, all ran outdoors.

Some, or many, found 1t difficult to stand.

Noticed by persons driving motor cars.

Trees and bushes shaken moderately to strongly.

Waves on ponds, lakes, and running water.

Water turbid from mud stirred up.

Incaving to some extent of sand or gravel stream bankse.
Rang large church bells, etc.

Suspended objects made to quiver.

Damage negligible in bulldings of good design and

construction, slight to moderate in well-built ordinary

bulildings, considerable in poorly bullt or badly designed

buildings, adobe houses, old walls (especlally where lald up

without mortar), spires, etc.

Cracked chimneys to considerable extent, walls to some
extent.

Fall of plaster in considerable to large amount, also some
stuceo.

Broke numerous windows, furniture to some extent.

Shook down loosened brickwork and tiles.

Broke weak chimneys at the roof—-line (sometimes damaging
roofs).

Fall of cornices from towers and high builldings.

Dislodged bricks and stones.

Overturned heavy furniture, with damage from breaking.

Damage considerable to concrete 1rrigation ditches.
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VIIL

Fright general-—alarm approaches panic,
Disturbed persons driving motor cars.
Trees shaken strongly~—branches, trunks, broken off, especlally
palm trees.
Ejected sand and mud in small amounts.
Changes: temporary, permanent; In flow of springs and wells;
dry wells renewed flow; in temperature of spring and well

waters.
VIII+ Damage slight in structures (brick) bullt especially to
to withstand earthquakes.
IX- Considerable in ordinary substantial buildings, partial
R.F. collapse: racked, tumbled down, wooden houses in some

cases; threw out panel walls in frame structures, broke off
decayed piling.
Fall of walls.
Cracked, broke, solld stone walls serlously.
Wet ground to some extent, also ground on steep slopes.
Twisting, fall, of chimneys, columns, monuments, also factory
stacks, towers.
Moved conspicuously, overturned, very heavy furnilture.
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IX

Panic general.
Cracked ground consplcuously.
Damage considerable in (masonry) structures bullt
especlally to withstand earthquakes:
IX+ threw out of plumb some wood~frame houses built
R.F. especially to withstand earthquakes;
great in substantial (masonry) buildings, some collapse in
large part; or wholly shifted frame bulldings off
foundatlons, racked frames;
serlious to reservolrs; underground plpes sometimes
broken.

X

Cracked ground, especlally when loose and wet, up to wldths of
several inches; fissures up to a yard in width ran parallel to
canal and stream banks.

Landslides considerable from river banks and steep coasts.
Shifted sand and mud horizontally on beaches and flat land.
X Changed level of water in wells.
R.F. Threw water on banks of canals, lakes, rivers, etc.

Damage serious to dams, dikes, embankments.

Severe to well-bullt wooden structures and bridges, some
destroyed.

Developed dangerous cracks I1n excellent brick walls.

Destroyed most masonry and frame structures, also their
foundations.

Bent rallroad ralls slightly.

Tore apart, or crushed endwise, plipe lines burled in earth.

Open cracks and broad wavy folds in cement pavements and
asphalt road surfaces.

151




X1

Disturbances in ground many and widespread, varying with

ground material.

Broad fissures, earth slumps, and land slips in soft, wet ground.

Ejected water in large amount charged with sand and mud.

Caused sea-waves ("tidal™ waves) of significant magnitude.

Damage severe to wood-frame structures, especially near
shock centers.

Great to dams, dikes, embankments, often for long distances.

Few, 1f any (masonry), structures remained standing.

Destroyed large well~bullt bridges by the wrecking of
supporting pilers, or plllars.

Affected ylelding wooden bridges less.

Bent railroad raills greatly, and thrust them endwise.

Put plpe lines buried in earth completely out of service.

XII

Damage total—--practically all works of construction damaged

greatly or destroyed.

Disturbances 1n ground great and varlied, numerous shearing
cracks.

Landslides, falls of rock of significant character, slumping of
river banks, etc., numerous and extensive.

Wrenched loose, tore off, large rock masses.

Fault slips in firm rock, with notable horizontal and vertieal
offset displacements.

Water channels, surface and underground, disturbed and
modified greatly.

Dammed lakes, produced waterfalls, deflected rivers, etc.

Waves seen on ground surfaces (actually seen, probably, in
some cases).

Distorted lines of sight and level.

Threw objects upward into the air.
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EFFECTS OF SHAKING ON BUILDINGS
BY CLASS OF CONSTRUCTION
by
Karl V. Steinbrugge

E1l Cerrito, California

[Note: Halftone figures not included in these class notes.]

A study of the effects of earthquake shaking on buildings is
useful from many standpoints. Among their various uses, statistical
applications by government for earthquake vulnerability studies and
disaster response planning are becoming increasingly important. The
property insurance industry also needs this kind of information. This
paper summarizes a classification system which has had widespread
application and also summarizes United States experience from shaking
damage.

American practices are described in this paper, particularly
those of the western United States where many earthquake resistive
buildings exist. The basis for much of this presentation comes from
earthquake insurance methods used by property insurance companies.

The classification methods and their applications given herein
do not supplant a detailed anzlysis which a structural engineer may
prepare for a specific building. Rather this discussion is directed
towards low cost approximations which are useful only when many

similarly constructed buildings are considered as a group.
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The description of building classification methods relates only
to buildings in general and not to their sites. When individual
site-specific structures are considered, the overall hazard must include
not only the construction characteristics (i.e. building class) but also
the possible site-specific geologic hazards. These hazards include soil
liquefaction, landsliding, and faulting; geologic hazards are not a
direct part of a building classification system.

A fuller description of the classification methods and their
applications to buildings may be found in Chapters 5 and 6 of
"Earthquakes, Volcanoes, and Tsunamis: An Anatomy of Hazards" by Karl
V. Steinbrugge (Skandia Insurance Group, 280 Park Avenue, N.Y., N.Y.
10017). Reproduction of Skandia copyrighted material in this paper is

by their permission.

PART A: BUILDING CLASSIFICATION

Occupancy vs. Construction Classification Systems

Rather generally, building classes for earthquake vulnerability
or insurance purposes are determined by construction characteristics
rather than by occupancy characteristics. Examples of construction
characteristics include structural systems such as steel frame,
reinforced concrete frame, wood frame, etc. while occupancy
characteristies include building-use such as hotels, schools, hospitals,

ete.
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A limited argument for a classification system based solely on
occupancy may involve the following reasoning. Consider a warehouse
occupancy vs. a hotel occupancy, each in structurally identical 5-story
reinforced concrete frame buildings. In the event of a moderate
earthquake in which the reinforced concrete frame adequately resists the
seismic forces in bending without structural damage, it can be clearly
shown by engineering analyses that the hotel occupancy will potentially
have a somewhat greater dollar loss on a percentage basis than will the
warehouse occupancy. The difference in losses will be due to the damage
to the additional non-structural partitions, plumbing, air conditioning,
etc. found in the hotel but not found in the warehouse {(as long as
structural damage does not occur).

The foregoing argument is weak when the construction
characteristics become a variable -- it was a constant in the previous
example. Assume a 5-story non-reinforced brick bearing wall warehouse
having sand-lime mortar in its masonry walls and having wood-joisted
roof and floors. This structure will probably partially collapse or be
severely damaged in the postulated moderate earthquake; on the other
hand, its counterpart reinforced concrete hotel (should it have
appropriate earthquake resistant shear walls) will have no or negligible
damage. In this construction comparison, the damage range is much
greater than that for the occupancy comparison.

As one investigates occupancy vs. construction in more detail,
it becomes increasingly evident that the structural characteristics of a

building substantially predominate over occupancy characteristics with
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respect to the degree of damage. However, it is also evident that a
classification system based solely on materials of construction and how
they are used will not always give best results. In conclusion, a
simple practical classification system is normally based on materials of

construction.

Building Classes, Building Codes, and

Earthquake Resistive Construction

It is valid to question the use of building classification
systems which differ from those used in building codes, particularly for
newer buildings having earthquake resistive designs.

A building code containing earthquake bracing provisions is one
criteria for a building classification but not the sole criteria.
Examples exist of significant damage to modern earthquake resistive
buildings designed according to code provisions. This seeming anomaly
is due, in part, to the very important philosophical background for the
seismic provision of building codes which allows for serious property
damage, provided that life safety is not reduced. A hotel may have
losses exceeding 50%, but if all the occupants can leave safely, then
the building would meet today’s intents of the earthquake provisions of
the usual building code. It therefore follows that building
classifications for monetary loss estimation purposes must take a
different direction by recognizing the potentials for direct damage,

functional impairment, as well as life safety.
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Jdentification of Building Classes

Definitions of individual building classes used in this paper
are given in Appendix A. These classes may be placed into one of two

general categories:

Category A. By materials of construction: Classes 1 through 5,

Category B. By special damage control design: Class 6.

The "special damage control design" wording for Category B
buildings does not convey a mental image of the details and methods of
construction to a non-engineer field inspector. Whenever a Category B
building has an equivalent (or a near equivalent) to one in Category B,
then it is desirable to use a Category A classification. More often
than not, Classes 3A and U4A have this dual capacity with Class 6. Some
basic concepts on damage control engineering are discussed in the

section describing buildings which fall into Class 6.

Classes 1A and 1B -- Wood Frame

Wood frame construction for dwellings and other small
habitational occupancies is usually sufficiently well understood that
perhaps it need not be illustrated in greater detail for classification

purposes than shown in Figures 1 and 2.
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Wood frame habitational structures, be they single or
multifamily dwellings or non-dwellings, often have exterior wall
finishes other than wood. These may include corrugated or aluminum
metal siding, stucco, asbestos-cement ("transite"), and veneer. But
what constitutes veneer? 1In general, it is brick, stone, concrete,
marble, or other heavy material attached to the wood studs. It is
appropriate to consider any masonry which is over 3 inches in thickness
as being veneerj a U-inch thick brick clearly qualifies as veneer and is
the usual minimum in rule-making.

Certain multistory habitational structures, such as motels,
condominiums, and apartment houses, may have a special classification
problem due to fire resistive construction required for first story
(ground level) automobile parking. For one example, the first story
(including the floor of the second story) may be of reinforced concrete
construction while above is rarely more than three full stories of wood
frame. An appropriate classification is 4B or possibly 4A. This is
correct from an engineering standpoint since the concrete provides the
earthquake resistance (or its lack) against building collapse; the wood
frame contributes very little mass by comparison,

Finally, wood frame as intended in Classes 1A and 1B includes
all kinds of wood construction, be it the small wood studs of a dwelling
(Figures 1 and 2) or the heavy timber of a wooden warehouse or
processing plant. The area limitation of 3,000 square feet for Class 1A
is somewhat arbitrary, although not unreasonable. The same may be said

for height limitations.
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Classes 2A and 2B -- All Metal

All metal buildings are easily classified using Figure 3.
However, it is reasonably probable that very large modern Class 2B
structures should receive favorable consideration for superior
earthquake resistance. It can be easily shown on a mathematical basis
that tall aircraft hangers, or similar large structures, are earthquake
resistive if they have survived (or can survive) strong windstorms; this
is due to wind forces being much greater than seismic as a result of the
light mass of all-metal structures.

The phrase "all-metal" construction need not be taken too
literally from a damageability standpoint. Corrugated cement-asbestos
or wood siding (Figure 3) on an otherwise all-metal building is
reasonably equivalent, as is fiberglass. One story height and 20,000
square feet limitations are somewhat arbitrary and probably

conservative.

Classes 3A, 3B, and 3C -- Steel Frame

By definition, steel frame buildings have structural steel
columns, beams, and girders. Figures 4 and 5 schematically show some of
the material assemblies found with steel frames. These assemblies may
also include steel trusses. Floors, roof, and walls may be of any
material. Normally, steel frame structures are multistory buildings,
but they need not be multistory. Figure 6 shows structural steel with a

reinforced concrete shear wall core (also discussed in next section on concrete).
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Older steel frame structures, such as those constructed in the
1920°s and earlier, have poured-in-place concrete floors and roofs, and
the beams and columns become fireresistive with poured-in-place
concrete. This kind of fire protection develops substantial reserve
seismic strength and no doubt has prevented collapses in some
earthquakes. Exterior walls of these older buildings are usually
unreinforced brick or poured-in-place reinforced concrete, and are
supported by the steel frame. Visually, a concrete fireresistive steel
frame building is about the same as a concrete building, and often
construction drawings must be seen to distinguish between them.
Normally, these older steel frame buildings will be Class 4B.

Modern steel frame buildings, including those being currently
constructed, often have a lightweight concrete fill on metal deck, in
turn supported by steel beams (Figure 7). The metal deck is commonly
welded to the steel frame. Upon occasion, precast prestressed concrete
"planks" or poured-in-place reinforced concrete mav replace the metal
deck. Modern fire protection of beams and columns may be gypsumboard or
more usually of sprayed-on materials (Figure 8). While lighter and less
expensive than poured-in-place concrete, these modern fireresistive
materials do not contribute to the reserve seismic strength as does
concrete fireprotection. Wall materials may be brick, concrete, precast
concrete, glass, metal, or any number of other materials, all supported
by the steel frame. These modern multistory steel frame buildings will

qualify for Class UA if they have good damage control features such as
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appropriate size shear walls.

Earthquake loss experience clearly indicates that, as a
construction type, steel frame buildings should be kept distinet from
reinforced concrete buildings. Fortunately, there are only a moderate
number of buildings in which one of these materials does not predominate
from an earthquake standpoint; the classification exceptions are

considered in the next section on concrete buildings.

Damage Control Features:

The identification of some of the damage control features
necessary for placing a building in Class 3A is possible by a visual
field inspection in many cases. One of the favorable features is a
height-to-least-width ratio not exceeding 4 to 1. A regular shaped
building in plan and elevation is also favorable. A triangularly shaped
building is unfavorable, unless very unusual engineering design
precautions were taken. Well-covered and scarcely visible structural
separations may divide an apparent T-shaped building or H-shaped
building into two structures and thereby eliminate the seemingly
irregular shape; such structural separations may be detected by trained
field personnel. Exterior panel walls of poured-in-place concrete,
precast concrete, brick, glass skin, metal skin, etc. are identifiable.
Skins of metal or glass should be treated as open wall areas, as is
usually true for precast concrete wall panels., Large interior open
areas are unfavorable. The use of reinforced concrete shear walls

(Figure 5), year built (as an indication of the seismic code provisions
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used in the design), and other identifiable features may be determined
from a field inspection.

While a field inspection may identify favorable or unfavorable
characteristics, it can not determine how flexible the steel frame will
be under earthquake forces. It also often can not detect engineering
provisions taken to minimize adverse flexibility effects. More
specifically, the distance that one story will move horizontally with
respect to the story beneath it can not be visually determined ("story
drift" in engineering jargon). It is the amount of story drift between
two floors which cracks exterior walls, smoketowers, stairs, ceilings,
partitions, ete.

It must be remembered that Class 3A earthquake resistive
buildings having superior damage control systems could be placed into
the Class 6 series, but normally the equivalent within the Class 3
series is preferred since it is often easier for the user to relate to

materials of construction than relate to abstract design features.

Classes U4A through UD -- Reinforced Concrete

Reinforced concrete buildings are placed in Classes 4A through
4D (Figures 9 through 12), and their classifications parallel those of
steel frame (Class 3 series).

An important distinction must be made between poured-in-place
concrete and precast concrete. Classes 4A and 4B must have structural

systems of poured-in-place reinforced concrete. Precast concrete, on
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