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CHAPTER I

INTRODUCTION






1.1 Introduction

The energy released by earthquakes propogates in the earth's crust
as body and surface waves. The intensity and duration of shaking of
structures located in the path of these waves depends upon the inten-
sity and duration of the seismic ground motion along with the char-
acteristics of the structure. Structural failures resulting in con-
siderable damage and loss frequently occur because of these motions
and inadequate seismic resistance of the structures.

ﬁarthquake engineers and planners often use the words risk and
hazard interchangeably in their work. Seismic risk is regarded by
many to Be synonymous with seismic hazard. There is some danger in
this ambiguity since these two words for seismic phenomenon have
different meanings. Seismic hazard is defined as "expected occurrence
of future adverse seismic event (earthquake)". Seismic risk is defined
as "expected consequences of future seismic event". Consequences may
be life loss, economic loss, function loss and damage. Loosely, it can
be said that a seismic hazard involves '"mature's punch" while a seismic
risk involves interaction bet&een "nature's punch" and human activity.

The intensity and duration of future earthquake ground motions
are random and can therefore be known only in the probabilistic sense
of the likelihood of exceeding a givep level during a given time period.
(Rosenblueth and‘Esteva, 1966; Benjamin, 1968; Cornell, 1968%), If

economic planning and engineering design criteria are to be formulated

* References are given at the end of the report.



on a rational basis,then it is necessary to have the best available
estimates of these future ground motions. The best practical repre-
sentation of earthquake loadings for a given geographicael region is in
the form of seismic hazard meps -- where the earthquake effect is shown
in terms of the most useful engineering paremeters for design.
Presently there is a great need for improvements in risk mapping
techniques and in the description of the related engineering parameters.

Therefore the present dissertation is divided in two parts. The
first part concentrates on seismic hazard mapping which can be best
defined as the exposure to seismic loading at a given location. This
exposure is expressed in terms of an effect and the probability of its
occurrence. The second part concentrates on a study of steble design
parameters. 1ts genersl purpose is to provide a statistical and
probabilistic view of the response of structures to earthquake excita-
tion. The attention is focused on response parameters which have a
direct engineering value.

Many attempts have been made to guantitatively describe the
intensity or the severity of an earthquake (St. Amand, 196l; Howell,
1970; Blume, 1970, 1971; Trifunac and Brady, 1975). The intensity is

usually expressed in terms of

° the amount of energy released at the hypocenter
. the effect on structures
] some design related parsmeters.

The widely used Richter magnitude (M) scale for rating the magni-
tude of an earthquake was proposed by Richter (1935) . This develop-
ment initiated the rating of earthquakes according to their magnitude

at the source independent of the ground shaking at other locations.



More recently the moment of an earthquake was proposed as a measure

of the energy released kAki, 1966). The modified Mercalli and
Rossi-Forel intensity scales are based on the effect on structures of
local ground shakiﬁg. Structural engineers have tried to quantify
earthquakes in terms of pérameters that are more closely related to
the loads induced by a structural behavior such as peak value of the
measured record of the earthquake (acceleration, velocity or displace-
ment), frequency content and duration of the ground motionm.

For several years hazard maps have been a common way to present
expected seismic severity for a region. The level of sophistication
of these maps varies greatly as illustrated by the following examples.

Consider the uniform building code (UBC) seismic zone map (1970),
as shown in Fig. 1.1. ©Note that the title of the map indicates "Seismic
Risk Map of the United States". This is a misnomer. This map indicates,
to some scale, the future seismic hazard in different parts of the
country. This map cannot and does not take into account any conse-
quences due to a future seismic event. Also, as pointed out in the
note appearing on the map, this map does not take into account the
frequency of occurrence of earthquakes. Thus, for example, if one
region had an intensity VIII event only once during the last 400 years,
it is placed in Zone 3. At the same time, a region with ten intensity
VIII or greater events in the last 100 years is also placed in Zone 3.
In spite of such shortcomings, engineers use and depend on such maps
in the designs. There is no attention paid to the amount of uncer-
tainty in the loading and response of systems they design. It is very

difficult to visualize perfect information with the use of such maps.
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The evaluation of risk, using such maps, is not possible. Consider,
for example, two locations in California, one near Sacramento and the
other near Los Angeles. Also, consider that construction of similar
facilities is planned at these two locations. Since the use and con-
sequences of failure of these two facilities or structures located in
two separate seismic regions is the same, the risk associated with the
design should be similar. However, in using UBC zone maps, one would
design both the facilities based on zone 3 factors. This means that
either the facility near Los Angeles is underdesigned or the facility
near Sacramento is overdesigned or both. For consistent seismic risk
level for these two facilities, the site near Sacramento should have
lower seismic design level compared to the site near Los Angeles. This
brief argument points out the shortcomings of the current "risk maps".
Another recent development —- in the right direction -- is the
work of Roger Greensfelder (1974) of the California Division of Mines
and Geology. The revised August 1974 map of "Maximum Credible Rock
Acceleration from Earthquakes in California" shows the peak rock accel-
eration levels in different parts of the state in the form of bedrock
acceleration contours (Fig. 1.2). This is a hazard map. However, it
has several major shortcomings. What is the return period for maximum
credible rock acceleration? Is there a consistency in time? Are the
frequencies the same for all levels for all regions? This information
is very important for engineering design. Also, shall a designer use
this map for warehouses, schools, hospitals? The map does not contain
the information necessary for a consistent risk level based on use and

consequences of failure of the structure. Thus, for a rational seismic
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rigsk analysis, a better methodology is needed.

Currently, there is considerable work done in the area of proba-

bilistic estimation of seismic load parameters. In perticular proba-

bilistic forecasting in terms of iso-seismal and iso-acceleration maps

has been studied. The usefulness of such maps is very much a function

of the type and amount of information they contain. In order to

best serve the needs of the structural engineering profession, any

description of future earthquake ground motion should consist of infor-

mation about the following:

1.

Peak values (or other more descriptive parameters) of acceleration,
velocity and displacement.

Frequency content.

Duration.

The following observations can be made:

The peak values provide maximum amplitude but do not give any
information about the other lower peaks contained in the record,
whereas parameters such as mean and root mean square (RMS) values
are based on the entire input record and therefore implicitly
contain information about all the peaks and their distribution.
The frequency content is generally represented by a response
spectrum which provides the distribution of maximum response
emplitudes at various frequencies (or periods).

Duration is usually considered as the ieﬁgth of time over which
"strong motion" is experienced.

None of the currently savailable procedures hazard mapping provide

the complete information listed above. It is therefore the goal of the



first part of this report to increase the amount of information

contained in hazard maps.

1.2 Current Procedures

l.2.1 Peak Amplitudes

Current procedures for estimating seismic hazard in terms of peak
amplitudes are summarized in Pig. 1.35. 1In essence, they consist of

the following steps:

Step 1. Identification of Seismic Sources.

Based on the geology and historic seismicity of the region,
sources are identified as line sources (faults) or area sources. The
largest earthquake associated with each source is established from the
historic seismicity and geology (in terms of magnitude or intensity).
Typical examples of this approach are given in the following references:
Cornell and Vanmarcke (1969), Algermissen (1969, 1975), Shah, et al.,
(1975), Wiggins (1975), Der Kitreghian and Ang (1975), Liu and Fagel

(1975), Kiremidjian (1975).

Step 2. Recurrence of Earthquakes

The recurrence of ecarthquakes of various megnitudes is based
primarily on the historic seismicity. A straight line or a set of
straight lines is fitted on the data using regression analysis. This
method usually results in prediction uncertainties of large magnitudes
where the data is scarce. Some varistions have been proposed to allow
for the lack of data; Esteva (1969); Wiggins (1975) who uses a
Bayesian procedure at the level of the results once the analysis is

complete. Vagliente (1973) developed a seismic Markov model.
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Step 3. Selection of Attentuation Relationship

Using one of the numerous empirical attenuation relationships,
the peak accelerations at a given site due to earthquakes of various
sizes occurring at different source locations are estimated. The
attenuation rélationship is based on data of non-uniform quality
since differences in recording techniques, local‘conditions, equip-~
mént reliability and human error are usually not taken into account.
Most procedures utilize only the mean curves as determined from a

regression analysis.

Step 4. Results

Uéilizing the computations in Steps (1), (2) and (3) the
probability that a certain acceleration will not be exceeded within
a given time period t is determined. The results of the evaluation
are Presented in terms of iso-acceleration curves for selected levels

of probabilities and time periods.

Fig. 1.4 sh§ws a typical iso-acceleration map developed using the
above procedure (Shah, et al., 1975). This map was developed for
Nicaragua. The acceleration values of the iso-lines have a probability
of 0.10 of being exceeded at least one time in fifty years. This is
not a zoning map and values between the lines is obtained by inter-
polation. It should be pointed out that these maps by themselves do
not help engineers in deciding the risk level they are taking or, for
that matter, which map to use out of the many available for different

time periods and different probabilities.
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1.2.2 Frequency Content

The two current approaches to mapping of frequency content are
illustrated in Fig. 1.5 a and b respectively.

In the fir;t approach,normalized response spectra are obtained for
available accelerograms and a statistical analysis is made by either
considering all spectra together (Clough, 1962; Blume, 1973) or by
separating them by site conditions (Seed, et al., 1974). From the results
(mean and coefficient of variation) of the statistical analysis resfonse
spectra for various probabilities of exceedence are established.

The second approach consists of the development of an attenuation
(with distance) relationship for the peak response values for different
periods or period bands. These attenuation relations are obtained by
reéression analysis on a number of response spectra. When combined with
the recurrence relation at the sources, they can provide the proba-
bility distribution of peak responses for different periods or period

bands at a given site (McGuire, 1975).

1.2.3 Duration

Tt is felt that this parameter is a most important measure of the
damage producing capability of an earthquake and therefore it is to be
incorporated in the maps developed herein. Some study of duration have
been done {(Trifunac and Brady, 1975; Dobry, et al., 1977) and some
empirical relationships between magnitude, duration and distance have
been obtained (Bolt, 1973). However, duration has never been included as

a parameter in hazard map development.
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1.3 Limitations

ILimitations exist in the descriptive parameters and in the pro-
cedures presently used. These limitations are discussed as follows.

Several possible improvements are presented in the next section.

1.3.1 Pegk Amplitudes

While it is well known that peak amplitudes are useful parameters
in the description of seismic loading, they are only partial indicators
of earthguake motion. They are often the chance result of a random
transient phenomenon and therefore do not show good correlation with
the remaining general behavior of the motion. Moreover, they show con-
siderable scatter even for earthquake events considered as similar
(same distance from causative fault, same magnitude event and same soil
site conditions).

Better and more stable parameters based on sufficient (mean and RMS)
statistics rather than extreme values are needed to define the amplitude
content of the ground motion. Such parameters or sets of parameters can

be obtained by considering earthquake records in their entirety.

1.3.2 Recurrence Relationships

Recurrence equations based on regional historic seismicity data may
be inaccurate for individual faults and specific areas. It has been
observed that the short historical data base cannot represent the true
state of nature. Figure 1.6 shows a typical case where the lack of data
poses a critical problem for the analyst. Reliance on historical fre-
quency datsa alone could result in erroneous conclusions.l The simple

extrapolation of the fitted curve beyond the range of the data, as it is
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usually done in practice can be very dangerous since it is in this area
that the magnitudes are governing any design decision.

The treatment of the data as discrete wvariables will help to solve
this problem as presentedbin Chapter II. TInclusion of subjective geo-
15gica1 and seismological opinion could increase the reliability and
predictability of the source seismicity considerably. Bayesian statis-
ties allowing combination of objective (or historical) data with subjective
input in a rational and consistent way can greatly improve the accuracy

of the predicted recurrence of a given magnitude.

1.3.3 Attenuation Relationships

Attenuation relationships for the variation of peak values with
distance are significantly affected by the scatter of the peak values.
Also a considerable amount of variation is due to non-uniform guality and
amount of the basic data concerning past earthquakes. These conditions
introduce large uncertainties in the prediction capabilities of the
derived relation. While the probabilistic description of seismicity is
well accepted aqd is best represented by hazard maps, it is often mentioned
that the weakest link of the present description of seismicity resides
in the uncertainties associated with the attenuation relationships. How-
ever, strangely enough, only the deterministic or mean value part of
these relations is used and the possible random variation in the attenua-
tion prediction is not consideréd at all. That is, a wide range of
prediction uncertainty is coﬁpletely ignored. This removes random
uncertainty information where it is most needed and creates a break in

the methodology. In order to be consistent with the probabilistic
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approach, a probabilistic treatment of attenuation is needed and can be
achieved by considering the probability distribution of the predicted

peaks for a given distance.

1.3.k4 Response Spectra

Response spectra derived from statistical averaging of spectral
shapes or regression analyses for data over all period ranges do not
consider the probability of occurrence of each sample of data. They do
not recognize each earthquake type (fault type, distance from site, etc.)
with their corresponding probability of occurrence. Therefore some bias
is likely to occur (one earthquake type versus another) and the spectral
statistics developed will provide an accurate estimate of probability of
exceedence only for specific period ranges and may be significantly in

error for other periods.

1.3.5 Duration

Duration is possibly the single most important factor in producing
excessive damage. (H. M. Engle in Richter, 1958). However, it is very
seldom mentioned explicitly as a ground motion parameter. The reason
being that it is not a design parameter per se and conseguently no
direct use of this information has been made as yet. Treatment and use

of this parameter would add valuable information to hazard mapping.

1.4 Scope of Current Work

The present work focuses on the elimination of some of the limita~
tions presented above. Special attention is to be given to:

o The Bayesian modeling of the seismic sources.
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. The probabilistic treatment of attenuation relationship both for
acceleration and duration.
° The replacement of peak values by more stable and representative

design parameters.

1.4.1 Seismic Hazard Mapping

The steps of the general model used for seismic mapping in this
study are presented below.

Source Location

The location of the sources is determined by using recorded hypo-
central position of past earthquakes for the period over which historical
records are available. Geological and seismological information is
introduced to supplement the data and to present a coherent picture'of
the seismicity of the region. The spatial distribution of hypocenters
is then divided in or assigned to different sources so as to model the

earthquake generating process.

Seismic Model

In the data presently available, the most commonly used measure of
earthquake magnitude is the Richter magnitude (M). In the curreﬁt pro-
cedur;s, the seismicity of a source is described by the mean rate of
occurrence of events greater than a given magnitude (recurrence relation-
ship). In the present model, this seismicity is obtained in two steps.
First the occurrences are considered independently of the magnitudes,
then the probability distribution of the magnitudes is introduced as

explained below:
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Occurrences: With the assumption that earthquake occurrences form
a Poisson process with mean rate of occurrence independent of
magnitude, a probability distribution is obtained on the number of
occurrences for a given period of time for a given source. The
agssumption of spétial and temporal independence is fairly well
verified by data and is a common accepted practice in seismology.
Moreover the amount of dependence due to the dual mechanism of
stress accumulation and release has not been determined as yet.
Magnitudes: Given that an event has occurred, a probability dis-
tribution of the Richter magnitudes (M) is determined from past
data. The M are discretized at every 1/4 unit as is commonly done
in data recording. This representation has the advantage of
getting away from the curve of line fitting. This method is
specially valuable for regions where very little data is available.
The probability corresponding to each magnitude can be used in a
Bernoulli trial where one outcome will be an event of the magnitude
considered (success) and the other an event of any other magnitude
(failure). The following question can then be answered: "Given that
n eérthquakes will occur in future time t, what is the probability
that there will be 0, 1, 2 ... n events of any given magnitudes?™
Combining these binomial conditional distributions with the

Poisson distriﬁution of occurrences, the distribution of the number

of occurrences of each magnitude can be obtained.
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Bayesian Statistics

Bayesian statistics are applied to the Poisson and binomial laws to
supplement some of the incompleteness of the data. For examplé, with
consideration of the fault length and the type of fault, geologists can
determine the maximum magnitude earthquake that the source can generate.
This information has to be taken into account even if no such earth-
quake had been recorded in the data. This can be done by assuming the
mean rate of occurrences of the Poisson law to be a gamma probability dis-
tribution and the probability of success of the binomial law to be a
beta probability distribution. This method has the advantage of including
personal experience together with the data as well as updating the dis-

tribution as new data are made available.

Mapping Parameters

Two mapping parameters are used? namely the peak ground accelera-
tion (PGA) and fhe duration of the ground motion. PGA is used since no
other attenuation relationship is readily available in the literature.
The methodology allows for the use of a more stable parameter such as
RMS which would éertainly improve the reliability of the model. More

will be said about RMS and stable parameters in later sections.

Attenuation Relationships

The Esteva (197L4) relationship is used to relate the PGA to M and
hypocentral distance. Attenuation of duration is obtained using the

relation developed by Bolt (1973).
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Both relationships are treated probabilistically to take into
eonsideration uncertainties in the attenuation decay. A first order
probabilistic representation in the form of mean and coefficient of

variation is introduced in this work.

Probabilistic Estimation of PGA and Duration

Combining the distributions that describe the selsmicity at the
sources with the two attenuation functions (for acceleration and
duration), the probability of exceedence of any PGA or duration is to

be obtained at the site.

Case Study

A case study of seismic mapping for the country of Nicaragua is

presented.

1.4.2 Study of Stable Design Parameters

In order to develop & proper undgrstanding of recorded time his-
tories a detailed statistical analysis of relevant parameters associated
with these time histories is necessary. Such an in-depth study is
presented with the following goals in mind:

° To develop a stable parameter (or parameters) which can describe
the behavior of the seimic recorded input or of response output
of linear single degree‘of freedom systems.

° To relate the developedustable parameters to "design" parameters
.currently used by engineers; €. g., peak ground acceleration and
response spectra values.

e To incorporate seismic hazard map development with the utilization

of stable parameters and currently used design procedures.
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With these goals in mind, a set of 9T earthquake time histories
are studied. It should be pointed out that in order to study an earth-
quake time history in its entirety, one should investigate the statis-
tical properties in the time domain and the frequency domaip. The time
domain analysis involves the study of the recorded motion in terms of
the duration and other amplitude related statistical parameters. The
most widely used frequency analysis involves the study of response time
histories of linear one degree of freedom system (for a given damping
and period) to the given earthquake record.

The current study investigates the following parameters of each of
the 97 records considered.

(A) Input parameters obtained from recorded accelerograms

e Duration

® Mean acceleration

® Root mean square (RMS) of acceleration

e Probability distribution of peaks

e Parameter ap defined as the acceleration which has probability
p of being exceeded for a given record.

e The ratio K, = a_/RMS
1 P

(B) Response parameters obtained from acceleration response his-
tory of a linear single degree of freedom system with damping ratios
5%, 10% and 20% and natural period range of .08 sec. to 5.0 sec.

¢ Duration
® Mean acceleration

° Peak response (corresponds to spectral value)
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e RMS of acceleration

e Probability distribution of response peaks

e Parameter ap defined as the response acceleration which has
probability p of being exceeded for the givén response.

e The ratio Ki = ap/RMS

e Cumulative potential energy per unit mass (ENGY) in response
time history. (This will be further described in Chapter IV.)

° The ratio K2 = RMS2 . Tg/(ENGY/NBPK) in the above ratio, T
is the period of the structure and NBPK is the number of peaks of the

response time history.

In Chapter V and VI the stable behavior of the ratios Kl and K2 and
their relevancy are described and discussed.

Development of an entirely new and fresh approach in earthquake
engineering has its drawbacks. First, the practical implication of a
new method of seismic hazard mapping for peak acceleration and duration
cannot be assessed at this time., Second, the use and implication of new
stable parameters describing the ground motion and the response together
with the currently used parameters can only be achieved with time. At
times, the reader of this work will feel that a "total story" involving
the hazard mapping, theuse of stable parameters and design procedure
is not presented. It is not the intent of this report to present
such a "story". It is hoped that the ideas developed in this work will
be further studied and incorporated into a design methodology by future

researchers and practicing engineers.






CHAPTER I

METHODOLOGY FOR SEISMIC HAZARD MAPPING

iy
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2.1 Introduction

This chapter concentrates on seismic hazard mapping which can be
defined as the exposure to seismic loading at a given location. This
exposure 1s expressed in terms of the severity of an effect and the
probability of its occurrence.

The seismic hazard mapping model is divided in the following
steps:

1 Jdentification of Earthquake Sources

The locations of the sources are determined by using recorded
hypocentral position of past earthquakes together with geologiéal
and seismological information.

° Development of an Earthqueke Recurrence Model

The seismicity of a source is obtained in two steps. First the
occurrence of events is considered independently of the mag~
nitudes, then the probability distribution of the magnitudes is
introduced.

] Choice of Seismic Ground Motion Parameters

- Different mapping varameters are presented and discussed. Peak
ground acceleration (PCA) and duration are chosen for this work
together with corresponding attenuvation relationships.

° Probabilistic Estimation of PGA and Duration

The probability of exceedence of any PGA and duratiog is obtdined
at the site considered. by combining ‘the prbbability distributions
that describe the seismicity of the sources with the two

attenuation functions.
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Because of the limitations inherent in'the current procedures of
hazard mapping,speciél attention is given to:
® The Bayesian modeling of the earthquake recurrence phenomehon
] .The use of two mapping parameters:‘ peak acceleration and duration

. The probﬁbilistic treatment of attenuvation relationships

2.2 Identification of Seismic Sources

The locations of the sources are identified using»the recorded
hypocentral position of past earthquakes together with'geological and
seismological information. The spatial distribution of hypocenters
is theh divided in different sources as a function of their shape and
seismicity. _Two types of sources can be used to represent the seis~
micity of any region. They are the line and area sources.

Most of the earthquake epicenters around the world are located
around major fault systems. Thus, thé usual case of epicenters fall-
ing along a line gives rise fo the so-called "line source”. A number
of straight lines mey be necessary to model a fault to satisfy geometric
considerations (curve shaped faults) or seismic considerations (varia-
tion in seismicity along a fault). The seismicity is assumed to be
homogeneous over a segment.

| In many parts of the world .there are/regioné vhere the epicenters
are not located along a line but are scattered all over & region
(Gutenberg and Richter, 1954). This may be due to the existence of
numerous faults criss-crossing the region or due to errors in estima-
tion of epicentral locations. Thus, there are places where line sources

mey not fit the scatter of epicentral locations. For such cases, area
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sources are used to determine probabilistic loading at the site. 1In the
present model the area can elther be & circle or a rectangle. The

seismicity is assumed to be homogeneous over the ares source.

2.3 Development of an Earthquake Recurrence Model (A Bayesian Approach)

2.3.1 Introduction

It has been observed that short or partial historical data bases
cannot represent the true étate of nature. Reliance on frequency data
alone can result in erroneous conclusions. Inclusion of geological and
seismological opinions can increase considerably the reliability and
predictabiliﬁy of the seismicity. For this reason a Bayesian approach
is adopted and used in this work.

In the data presently available, the most commonly used numerical
measure of earthquake severity is the Richter magnitude. In this model,
the magnitudes are discretized to every 1/4 unit of Richter magnitude
<Mi) as it is commonly done in data recording. The seismicity of the
sources is described by the distribution of the number of occurrences
of each magnitude. This representation permits the use of discrete
models and has the advantage of getting away from data fitting which
usually resulﬁs in unacceptable uncertainties for large‘magnitudeé
vhere the data is scarce. Moreover, it leads to a direct and elegant
use of Bayésian statistics.

The development is done in three steps:

° Assuming that earthquake occurrences form a Polsson process with
mean rate of occurrence indepéndent of magnitude, a distribution
is obtained on the number of occurrences for the time peribd con-

sidered.
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) Given that an event has occurred, a distribution on the magnitude
of events is determined from past data. The process generating
model can be assumed to be Bernoulli.. The probability of success

pM, corresponding to each trial is defined as the probability that
N , .

the event that has occurred is of magnitude Mi' Thus the proba-

bility of failure in= 1l - pMi,

that the event is not of magnitude Mi' The probability of having

at each trial is the probability

r events of magnitude Mi given that a total of n events have
occurred can therefore be obtained using the binomial distribution.
° The distribution of the number of events of each magnitude inde-
. pendently of the number of trials is obtained by combining step

one and two.

2.3.2 Occurrences

2.3%.2.1 Poisson Model

Once the seismic sources have been located, it is assumed that
earthquhke occurrenceson each source form a Poisson process with mean
rate of occurrence independent of magnitudes. For eurthquake events to
follow the Poisson model, the following assumptions must be valid:

(1) Earthquakes are spatially'independent‘

(2) Earthquakes are temporally independent

(3) Probability that two seismic events will take place at the
same time and at the same location approaches zero.

The first assumption implies that occurrence or non-occurrence of
a seismic event at one site does not affect the occurrence or non-

occurrence of another selsmic event at some other site. The second
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assumption implies that the seismic events do not have memory in time.
The assumptions of spatial and temporal independence have been fairly
well verified by data and are commonly accepted practices. The degree of
dependence due to the duasl mechanism of stress accumulation and release
has npt been determined with any emount of precision as yet and seems

to fade away quite rapidly with time (Gardner and Knopolf, 197hk). The
third assumption implies that for a small time interval, At , more than
one seismic event cannot occur on one soﬁrée. This is.a very realistic
and good assumption which fits the physical phenomeﬁon:

Hence, considering all the events of magnitude greater than an
grbitrary lower bound, a distribution is obtained on the number of
occurrences for a given period of time t. The lower bound is chosen
such that earthquekes of magnitude smaller than the one specified have
a negligible damage potential and can thus be disregarded. This is
done for each seismic>source.

In its most general form, the conditional Poisson law can be

written as
e")\t 7\t)n »
pN(n/7\) = '—._S——n! » t>0; - ninteger >0 (2.1)
where pN(n/')\) = Probability of having n events in time period t,

given A.

n = Number of events.

A = Mean rate of occurrence per unit of time.
oy = A
2

oy = A
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2.3.2.2 Bayeslan Probability

A Bayesian approach is used so that historical data and sub-
Jective information can be effectively combined and uéed in the analysis.
If one assumes that the number of seismic events for a future time t
follows a Poisson probability law, there is still uncertainty about the
parameter A, the mean rate of occurrence (Eq. 2.1). Therefore. A is
treated as a random variable. The proﬁabilistic information on A can
be obtained through historical data or from the subjective knowledge of
the analyst. The subjective probability distribution on A is called
the prior distribution. Using the historical information, one can
obtain the sample likelihood function on A. Combining the prior dis-
tribution and the sample likelihood function by me#ﬁs of Bayes'
theorem, the posterior distribution.on A can be obtained (Benjamin and
Cornell, 1970).

Let f&(h) be the prior probability distribution function on A.

Let L(A) be the sample likelihood fu;lction on A.

Then using Bayes' theorem the posterior distribution fX(X) is

obtained as:
fX(?\) = NlL(K)fl'\(')\) ‘ (2.2)
wﬁere Ni is & normalizing constant.

In the following sections, the concept of conjugate prior is used

for analytical simplicity.

'?rior Distribution on A

For convenience the prior distribution for the random variable A

is chosen as the gamma distridbution with parameters A' and v'. Since
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the gamma distribution can fit a large variety of shapes this choice
does not introduce any limitations in the model (Raiffa and Schlaifer,
1961). - The parameters A' and v' are obtained directly from the sub-

Jective input and the prior can thus be written:

£1(A) = A (7"17%/,) 2 A>0; AN >0; v >0 (2.3)
where r(vt) = [ e Lau
0
- X
uA"" 1
<’2 _ v
AT S2

Sample Likelihood Function

For any given source, the available data indicates that in the
past T years, N earthéuakes of Richter magnitude greater than the lower
bound have occurred. This information.is used in the construction of
the sample likelihood function. Since the event-generating process is

assumed to be a Poisson process, the sample likelihood function on A

is given by
-AT N
where T = Time of the data base
N = Number of events greater than a fixed lower bound M

observed during time period T.

Posterior Distribution on A

Using equations 2.2 and 2.3 the posterior distribution on A can

be written as
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‘ IV JEUEN . SRR LIS, [ () \
fx()‘) - Nl° e N§7\T) . A (7\1.‘.2\2"_) e (2'5)

The value of the normalizing constant Nl can be evaluated by noting

that f"A(k) is a probability distribution function. Thus,

'fwfl'{(x)dx = 1.0 (2.6)
O .

Rearranging and substituting the values of Nl in équation 2.5

" " V"-'l ".A"-A . :
fX(?x) = _7‘ (A l):zv.r) e , A>0; A">0; V' >0 (2.7)

where A=A+ T

vi=v'+ N
V"
PA = "
2 v"
A = ;\T,'é'

Note that the posterior distribution of A is also gamma type.

In equation 2.1, the conditional probability on the number of
events n is based on A. The unconditional or the marginal distribution
on n can be obtained by using equation 2.7 together with equation 2.1

and integrating over all A's. Thus

1}

py(n) zgmpl\l(nﬂ\)dk

(-

é‘ py (/N5 (A)aA

L "
e M)t ary¥ e M
n! ]"(v")

an (2.8)

~continued -
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" " n
i e"-?\(t + A )tn)\nv .)\IH'V "'];

= ‘or n:r(vli) d)\ (2‘8)

-continued-

which leads to

py(n) < Kt ) g (2.9)
N | nir(v") (t + 7\.,)n’rv
for n'integer‘z 0
v' >0
A" >0
t>0
When V" has integer values, equation 2.9 can be rewritten
(4 v'- 2 g™V (2.10)

m_v!l
)

Py(n) = Sy (6 + A"

" for n integer >0

v" integer > O

N >0

t >0

Equation 2.9 and 2.10 are called the marginal Bsyesian distri-

butions of n. These distributions, after taking into consideration the
uncertainties on the mean rate of occurrence, give the probability of
the number of events above a predetermined lower bound M, in time

period t.

2.5.2.3 Weight of the Prior Distribution

The subjective informaetion of the expert is expressed in the forﬁ

of a prior distribution on A. It is assumed that a gamma distribution
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will fit the prior end the parameters A' and v' are obtained directly
from the shape of this distribution. The physical meaning of \' and

v' can be explained as follows: N\' can be interpreted as the equiva-
lent time period over which the analyst bases his subjective input
whereas v' can be interpreted as the equivalent number of occurrences
during this time period. Hence if A' = T, both the prior and the

data will have the same weight. If A' >> T, the weight of the prior °
overshadows the imertance of the data. It implies that the expert has
more confidence in his ﬁersonal feeling than in the data. A complete
analysis of the weight of the prior is given in Raiffa and Schlaifer

(1961).

2.%3.3 . Richter Magnitude

2.3.3.1 Introduction

Up to this point, the seismicity’of a source haslbeen defined only
by the distribution on the number of events that this source may
generate in a given>time period t. The next step gonsists in the
representation of information on the severity of these events.

Several parameters are suitable for this purpose such as energy release,
intensity and Richter magnitude. The Richter magnitudevis the parameter
chosen herein since most of the available data is recorded in terms of
this quantity. The Richter magnitudes are discretized every l/h

Richter ﬁnit (Mi) as commonly done in seismology. The number of
different Mi's expected to occur is thus finite. .This allows for the

use of a discrete model.
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2.3.3.2  Bernoulli Model

A Bernoulli trial is used to model information on magnitudes.
Given that an event has occurred, the probability that it is of any
given Richter magnitude can be represented in terms of a Bernoulli
trial. If the seismic event that has occurred is of the M under
consideration, then the outcome of the Bernoulli trisl is a success-
Conversely, failure at each trial implies that the seismic event that

has occurred is of M other than the one under consideration.

i.

i

If Py. probability of success at each trial corresponding to M
i

and

B

Uy,

l-p
i : Mi'

probability of failure at each trial,

then using the binomial law,
Ty Ty n-r

. T, M
1
p.(r, /oo, ) =¢C “p. *(L-p, )
R M, /PPy, n Pu M,

(2.11)

for n integer >0

Ty integer; 0 < Ty <n
i i

0< <1
= PMi A

where p_(r, /n, P, ) is read as the probability that r,, events M,
R Mi Mi . Mi i
will occur out of a total of n events given that the probability

of occurrence of Mi is Py at each trial,

r i
and C M n!
. n Ty !(n-rM )
i i

A different probability Py is obtained for each Mi considered in the
{ .
model.. A relation similar to equation 2.11 is thus obtained for each
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of the Richter magnitudes. It is important to recognize that the

probabilities pM are mutually exclusive for the different magnitudes
N _
hence '

EPM =1.0 (2.12)

all M

2.3.3.3 Bayesian Probability.

Equation 2.11 represents the generating process for the number of

events Mi'

about pM s the probability of success corresponding to M To

However, this information is conditional on the knowledge

ratlonally 1ncorporate the historical as well es subjective 1nformat10n
on PM , this parameter is treated as a random variable and a Bayesian

formulation is used.

Prior Distribution on Py

The conjugate piior distribution on Py. is assumed to be beta
type. Since the normalized beta distribution is bounded between O and
1l and fits & large variety of shapes, this choice does not introduce
any limitations in the model (Raiffa and Schlaifer, 1961). The beta

form of this prior is thus given by:

f;”“:1-1 q’;‘i- 51&1-1
£ (PM ) = m Py, (1-pMi) (2-13)
i

for 0 <p, <1l
0T = Py =

6, 20

i
1] 2 o
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(g Iring - & )
vhere L= 1 e 1
b, T,
%, |
“PMi ) —q;‘:
2 (EMi?(nM%- F,Mi)
i nMi(nMi+ 1

where the parameters n& and €ﬁ are obtained from the subjective
i

i
information.

A prior distribution of & similar form has to be assumed for each
of the magnitudes considered. Here agein, the prior distribution are
not independent and the following condition must be satisfied:

Y
. i _ . ‘
z T 1.0 (2.14)
all Mi i

Sample Likelihood

The usual form of the available data indicates that among the N
earthquakes observed on a given source, RMi were Mi' This information
is used in the construction of the sample likelihood function. Noting
that the generating process (eq. 2.11) is a binomial process, the
sample likelihood function on pMi is given by.

L(pMi/N,RM ) =19, (L - p, )N~ W (2.15)
i i i -
This operation must be repeated for each of the different magnitudes
considered. Each of thgse sample likelihood functions must be combined

with the corresponding prior distributions to obtain the posterior

distributions.
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Posterior Distribution on pM
i

As described in Section 2.3.2.2, the posterior distribution on

pM is obtained from equations 2.1% and 2.15 and can be written as
i
' LI -3 T
R N-Ry b, L Ty, ~Ep,
tp (0, ) = M| b, *-p, ) | grm, - @) T 7
i i i B, M i

(2.16)
Applying the-condition

1
J £p (py Jap, = 1.0 (2.17)
0 1 1

- one obtains
£y ) =g - By c@p, ) T 7 (2-18)
4 BMi 1 i :

for 0 < PM <1

O

2T

2
i

i

>0
i

£
o3

=Gyt Ry

i

where

1

i nMi"+ N 11] ¥
(& Iy - &)

LT T TGy

B';

Note that the posterior distribution on pM is also beta type.
i
In equation 2.11, the conditional probability on the number of

successes r,, 1is based on p, and n. The condition on p, can be
Mi Mi Mi
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removed using equation 2.18 and integrating over &ll the values of

p,, as follows:
My
1
p,(r, /n) = [ p (r, ,p, /n)dp, -
RN, § RUM, M, M,
oot /o meite )
= {p,(r, /o, sn)f5(p, )dp
& TRYUM M TR M, T,
. T, T n-r,. - "] T L
= flchipMMi (1-p, ) " —wlr—pM ! (1-py, ) ' gMi dpyy
0 i g BMi i i i
114 1" n .
rMi . 1 rMi+ i-l n+nMi (rMi+€Mi)~l |
=C ~ = [p (-p, ) dp, (2:19)
n M M. M
By oMy i 1
1 .
setting r + " = o
My €Mi My
n+ nt= :
i BMi
one can write
" ! -
"m r(nM_‘) P(oMi)r(BMi aMi)
(2.20)

PR(TMi/n) = Cn P(EM )P( g’M ) ) F(BM:'L)

for n integer > 0

integer

The above expression is the distribution on fhe number of earth-

quakes of & fixed M, given that n earthquakes have occurred. There

i

is a similar distribution for each Mi considered.
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2.3.3.4 Weight of the Prior Distribution

The parameters nlv'li and %:[i are ob’cained directly froin the shape of
the prior distribution assumed to be of the beta type. The physical
meaning of thése parameters can be explained as follows: nh:l can be
interpreted as the equivalent number of trials on which the :xpert
bases his subjective input and'é',l\;[. as the equivalent number of successes .
Hence if n*"i = N, both the prior :md the date have the same weight.

If ny << N, the weigﬁt of the data overshadows the importance of the

i

prior. This implies that the expert has more confidence in the data

than in his personal feelings.

2.3.4 Marginal Distribution on the Number of Magnitudes

Inﬁ order to obtain the probability on fhe number of earthquakes
of fixed magnitude regardless bf the total nuinber of occurrences, one
removes the condition .on the number of events n in equation 2.20 by
taking the summation over all the events. The distribution on the

number of events is given by equation 2.9. Hence

O

pR(rMi) = z PR(rMi/n)pN(n)

n=0

© ' F( " - + " r + LU N ’

Z chi o t(\Mi) . )"(rM1 EMi)P(n nMi rMi E,Mi) .
n l-| w F " - AL r + w

n=0 EMi. nMi gMi) " “Mi)

r(oty")et } (2.21)

alr (V') (B MY

In the particular case where r,

M. = 0, the above expression becomes:

i
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- T‘("]ﬁ ) P(E,',l'i)r(n+ "i i& ) r(n+ v")EM"Y

) ~ —
Plry,= 0) = L (g ey -57) Pty ) () ()™
(2.22)

In the particular case where v", nﬁ ,%q are integer values, the gamma
i i :
functions can be expressed as factorials and the two above expressions

become
o ). i 1 | ( 1 -"l')! (r +€" 1)! (mnM gM l)'
P, LT =
RYM, n-0| ™M (n-r)l (gM l)( gM -1)! (n - in_ 1):
(n - v'-1)! tn)\"\’" '
(CHIEE LN (2.23)
[ ( L 1)! ( n_l)!('_ " "-l)!
P(r =O) _ z _l_. 1"Mi - EM( , n nMi:l;li (n(_ vn_l])_)!
M n! & ~1)i(n,-&5,-1): -1)! T_TY!
i n=0 nMi 1 n TIM v
2k N 24
(t + hn)n‘l'\’“ } (2 2 )

These distributions descfibe totally the seismicity of the source con-
sidered in terms of the two parameters: magnitudes (Mi) and number of
occurrences (n).

In most cases however, the objective involves the description of
seismicity at a given site rather thgn of a source or a number of
sources. The method commonly applied consists of the use of transfer
functions to determine the effect of the combined sources on the site.

The principle of this method has been described extensively in the
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literature (Dalal, 1973%; Shah, et al., 1975) and will not be presented

in this stucy although it will be used with some modifications.

Q;h Choice of Seismic Ground Motion Parameters

2.1 Introduction

Seismic loadings at a given site cannot be directly related to
earthquake magnitude ﬁeasures, such as M, energy release, etc. At a
given distance from the epicenter these loadings are dependent upon
the ground motion characteristics and the structural characteristics.
The ground motion characteristics can be broadly described by intensity,
amplitude of motion, frequency content and duration (Gutenberg and
Richter, 1956). The intensity is an overall measure of the severity
of the ground shaking thch may be used to normalize different g;ound
motions for purposes of comparison. The recorded peak value of the
acceleration, velocity or displacement is often used to describe the
amplitude of ground motion. Other measures of amplitude such as RMS
or percentile of exceedence are presented in Chapter IV of this
disseftation- Frequency content is a measure of the relative pre-
dominance of various frequencies present in the motion. Duration is
the length of time for which the significant ground motion lasts.

' -Since both intensity and frequency content are indicators of the
ground motion severity, frequency content relaﬁed intensity measures
have been proposed (Housner).

The frequency content related intensity measures are moi‘e mean-~
ingful in the repfesentation of the ground motion severity than the

ground motion parameters, such as peak acceleration, velocities or
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- displacements. However, the later are more widely used. They are
selected as indicators of the ground motion intensity because of the
simplicity and convenience in their determinations end use. The.peak
" ground acceleration is more widely used than the pesk velocity and
displacemenf-

The duration of motion is a paremeter not often explicitly taken
into considération either in the intensity determination or in the
specification of design criteria. Its importaﬁce has however been
recognized (Richter, 1958; Bolt, 1973; Trifunac, 1976; Dolbry, et al.,
1977)- |

Peak ground acceleration together with the duratidn of motion
are adopted in this work as the intensity measure of the motion at a
site. Various other parameters will be described in Chapter IV of this
teport. The peak ground acceleration parameter is adopted herein
mainly to check as to how the present model compares with others ﬁsing
this parameter. In Chapter ITIT results will be compared with the ones

presented in Sheh, et al., (1975).

2.4.2 Relation between Richter Magnitude and Ground Acceleration

Several empirical relationships between peek ground motiqn parameters
and M have been vroposed and employed in practice. All of these rels-
tionships have been derived by regression-type statistigal analysis
of the pertinent ground motion data.

Housner (1969) has proposed a procedure to determine peak ground
accelerations incorporating magnitude, fault length, felt area and

hypothetical elliptic shapes of felt areas. Wiggins (1964) has
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derived a relationsﬁip involving peak ground motion parameters, earth-
‘quake energy, epicentral distance and site impedence which is defined '
as the product of the specific soil dénsity and specific shear wave
~velocity. 'Esteva. and Rosenblueth (1964) have derived and subsequently
modified relationships involving hypocentral distance and M. Donovan
(1974) has derived a relationship between the same parameters and has
presented a summary of the different relationships'used- Seed, et al.,
(1968, 1969) have derived average rélationships for the characteristics
of bedrock motion. Schnabel and Seed (1973) studied bedrock acéelera-
tions in the western United States.

It‘is worth noting that two approaches are geherally proposed and
used for specifying the ground mQtion_parameters: one specifies the
parameters for bedrock motion at the site and incorporates the site
amplification explicitl&, and the other specifies the parametérs for
the so-celled firm site and adjusts them for a particular site if that
site varies significantly from the firm site condition.

The definition of a firm site is rather qualitative and includes
soil condition such as soft but unfissured rock, compacted granular
5011§, etc. There is however a definition of firm site based on the
shear wave velocity. Many researchers use 1500 ft/sec or higher shear
wave velocity to imply firm site.condition.

The 1974 Esteva-Rosenblueth relationship has been adopted in this
work only to allow comparison between the case study preéented in
Chapter III and Shah, et al., (1975) where this relationship was

used. Some modifications have however been introduced.
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Esteva and Rosenblueth have derived the following empiricel rela-

tionship between M, hypocentral distance (Rh) and peak ground accelera-

tion by regression analysis of ground motion data.

a = 200 exp(B) (2.25)
(R, + 40)
where a = peek ground acceleration (cm/secg)
M = Richter magnitude

hypocentral distance (km)

1l

Bn

The following observations regarding the Esteva-Rosenblueth

relationship are pertinent:

The seismic groﬁnd motion is highly complex in nature, and any
empirical relationship, such as the one described above, can only
be an epproximetion to the actual phenomenon. Therefore, careful
Judgment must be exercised to determine the applicability of this
type of relationship and the associated uncertainties in its use
for any given seismic region.

This relationship is based on regression analysis of the pertinent
ground motion data. Confidence intervals for the least square fit
are quite ﬁide because of a considerable data scatter. Therefore
there is a high degree of uncertainty associated with the values
as predicted by the relationship (Fig. 2.1). |

The relationship implies that sites located at an equal distance
from the earthquake epicenter will record the same peak ground

acceleration for a given earthquake. Thus the locus of equal



46

1000 -

g
S

PEAX ACCELERATION 'GALS:

10

N, .
O "4
\, \\"
N f
\\\ \%m
—— \
' \\\ '\.\\\‘\o
———— \ o\\
RIS ¢ ~
e @ e NS
~—aed SEatN N
SO \\ \\
-~ + I\ AN RN
N \*t;§%¢ (WO IRN
N N\ A \
PN\ \
N\ .
\\ \ ko ‘\\\3 \
hVe)
\ ng_ \\ \
\ Y

—yryryrree
10

DISTANCE TO F NERGY CENTER (KMS)

LEGEND

SAN FERNANDO

gLUME 1965 ¥

HOUSNER 1965

KANAI 1966

MILNE & DAVENPORT 1969
ESTEVA 1970 '
CLOUD & PEREZ 197}

(® scHNABEL 19/7

(@ nNUTTLYH 173

STATISTICAL SET EX-
CLUDING SAN FERNANDO

QECRLE

SAN FERNANDO DATA (1971)

0 ROCKLIKE SITE
+ SOIL SHIE

Attenuation equations for magmtude 6.5
compared to date from strong nmonon
stations recording the February 9, 1971
San Fernando earthquake.
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{Donovan, 1974)

This relation can provide results which are very close to mean data
behavior if the soil characteristics for the region are recognized.

The soil characteristics input was not used in the preparation of
this figure.
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peak ground acceleration as given by the relationship is a circle.
In the case of large earthquakes which are usually associated with
long fault breeaks, thé isoseismal contours are generally elongated
and therefore almost elliptical. The Esteva-Rosenblueth relation-
ship can be modified to incorporate'the influence of extensive
feulting, for example, by using the relationship between fault
breakaée and earthquake magnitude (Tocher, 1958). Also the
isoseismal may not be circular because of the regional geological
structure surrounding the site. Moreover such relationships can
only be valid for larger epicentral distances. For ﬁnear source” .
sites use of such relationships by extrapolation gives erroneous
results.

e Esteva and Rosenblueth have suggested that this relationship is
applicable to firm sites only. Separate investigations should
be made for sites with characteristics deviating considerably
from those of the firm sites so as to appropriately incorporate

the site influence (Wiggins, 1964).

The above observations regarding Esteva-Rosehblueth relationship
are generelly applicable for other relationships of this type and are
given here to point out the limitations of such relationships.

In order to incorporate corrective measures for the first two
observations mentioned above, the Esteva-Rosenblﬁgth modellis some-
vhat modified in the present report. Rather than using the rela-
tionship in a deterministic way as done previously, the value of an

.acceleration obtained for a given M and hypocentral distance is used

as the mean value of & probability distribution.
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The dAta (Fig. 2.1) does not suggest that any particular distribu-
tion is more suitable than the other. The main observation is that the
scatter varies proportionally with the mean. For this reason a uniform
distribution with a constant coefficient of variation is chosen.*' The
Esteva-Rosenblueth relationship can thus be plotted as shown in Fig. 2.2

and can be rewritten:

_ 5000 exp(.8M)

mean (Rh + 40)2 (2.26)
and for any M and Rh
®nax % nean + Q1amean B am.ean(1 + Ql)
%iin = 2pean ~ UPpean ~ Zmean(! ~ U
with 0 < Q1 < 1.
The value of a or a can be specified by assigning the value
max min

of Ql'
In the present study, Q1 is chosen to take values between 0 and 0.5.
In order to simplify the treatment of PGA in the model, this quan-
tity is treated as a discrete variable as follows. Any particular value
of PGA is rounded off to the nearest multiple of 0.02 G. Hence for any

given M and Rh, the distribution of PGA can be written as:

P(a < amin) = P(a < amax) =0 (2.27)
a - a in
P(a = A) = 1.0/( ——m-a—x-o—z—l“&— +1) (2.28)

for a ., £ A< a .
min max

where A, a, a and a have been rounded off to the nearest mul-
min max

tiple of 0.02G.

* In a more recent release of the model a log-normal distribution
is used.
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2.4.3 Relation between Richter Magnitude and Duration

The duration parameter 4 of strong seismiq shaking has not beeq
investigated to any great extent. Its prediction from records is still
" rather rudimentary even though "duration is possibly the single most
important factor in producing excessive damage" (H. M. Engle, in
Richter, 1958). Howevér several relationships have been'presented.

Housner's (1965) relationship for "the strong phaée of ground

shaking" is essentially a linear law in terms of magnitude M

d=11M- 55 M>5 (2.29)
vhere d = duration (sec)
M = Richter magnitude

Esteva-Rosenblueth (1964) define the duration s of an "equivalent"

ground motion with uniform intensity per unit time as:

s = 0.02 exp(0.74M) + 0.3r (2.30)
where s = equivalent duration (sec)
M = Richter magnitude
r = distance from source (km)

For large M, this duration s is about half the duration d presented
in equation 2.29. | '

The following quotation is applicable: "These formulae do express
the key dependence of 4 and M which can be inferred at once from the

rupture model of earthquakes. What the formulae lack is a stated
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threshold of ground acceleration a to define “"strong" and a treatment
of frequency" (Bolt, 1973).
Two definitions of duration appear to be useful:

(A) ‘"puration at particular frequency is the elapsed time between the
first and last acceleration excursions greater than a given level
(say 0.05 or 0.02 G). Bolt calls this interval the "brgcketed
duration". It is sometimes measured by cumulatively adding the
squared "accelerations and adopting the 95 percentile time interval
(Husid, et al., 1969). However, particularly for earthquakes with
& complex multiple source (Wyss and Brune, 1967), this definition
often leads to & non-physical upper estimate. Trifunac (1976) and
Dobry, et al., (1977) adopt this type of approach to obtain
duration of earthquake records. »

(B) ‘"puration at a parficular frequency is the totasl time for which
acceleration at that frequency exceeds & given value". This
intervel called "uniform duration" by Bolt, may equal the corres-
ponding "bracketed duration” or be much less. Uniform duration
appearsto have a greater mechanical significance with respect to

actual structural response behavior.

The treatment of duration iﬁ this part of the dissertation is
inspired by the paper "Duration of Strong Motion™ by B. A. Bolt. Fifth
World Conference on Earthquake Engineering, Rome, (1973).

Table 2.1 is reproduced from this paper. It gives the duration
(sec) of earthquakes as a function of M and distance (km) from the

gource. Bolt asserts that observational data scatter indicates that
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the chance of exceeding the tabulated values by 20% or more is about
0.1.This implies that the coefficient of variation is about 0.15.
The values given in Table 2.1 are plotted in Fig. 2.3,

The following expressions fit the data conservatively

d=ag,+ 15(50 - R,) (2.31)
for 5 <R <50
| a =‘dso/(.00112(Rh‘-’ 50)2 + 1) (2.32)
for Rh >50
vhere d = duration (sec)
d50 = duration (sec) at 50 km from the source for the M considered
R, = hypocentral distance (km)
K o
distansy 0°D 6.0 6.5 7.0 75 8.0 8.5
10 8 12 19 26 31 34 35
25 " 9 15 ol 28 30 %2
50 2 3 10 22 26 28 29
75 1 1 5 10 14 16 17
100 0 0 1 4 5 6 7
125 0 0 1 2 2 3 3
150 0 0 0 1 2 2 p)
175 0 0 0 0 1 2 2
200 0 0 0 0 0 1 2

TAELE 2.1 Bracketed Duration (sec) (Acc > 0.05g;
freq > 2 Hz)

distance = distance from source (km).

Reproduced from Bolt (1973).
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The durations for different magnitudes at 50 km from the source (dSO)
are given in Table 2.2 and are plotted in Figure 2.4, They are obtained
directly from Table 2.1 using interpolation when the M is missing. They
are the base values in the above expressions.

The obsérvations listed in Section 2.4.2 regarding the Esteva-Rosen~—
blueth relationship apply to this relation as well since this duration
relationship has been obtained using the same method and the right hand
side of the expression contains the same type of parameters. For this
reason, the duration is also treated as a random variable with uniform
distribution.* The mean is obtained from the above expressions (Eq. 2.31
and 2.32) and the coefficient of variation is kept constant. For any M

and Rh’ d is given from the equations 2,31 and 2.32 where d.. is ob-

mean 50

tained from Table 2.2. The upper and lower bounds of the uniform distri-~

bution can be written

d d =d (1+Q2)

max mean + Q2dmean mean
(1 -9,

d . d - Q.4 d
min mean 2 mean mean

with 0 < Q2 <1

il
1

where the values of d and d ., can be specified by assigning the
max min
value of Q2.
In the present study Q2 is chosen to take values between 0 and 0.5.
In order to simplify the treatment of duration in the model this
quantity is treated as a digcrete variable as follows. Any particular

value of d is rounded off to the nearest multiple of 2 seconds. Hence

for any given M and Rh the distribution of durations can be written as

* In a more recent release of the model a log-normal distribution
is used.



st :
1.5 4.0
1.5 k.25
1.5 4.50
1.5 4.75
2.0 5.0
2.0 5.25
2.0 5.50
2.5 , 5.75
3.0 6.0
5.5 6.25
10.0 6.50
17.0 6.75
22.0 7.0
2h.25 7.25
26.0 "~ 7.50
27.25 775
28.0 8.0
28.5 _ 8.25
29.0 : 8.50
29.5 8.75
29.5 9.0

TABLE 2.2 Bracketed Duration (sec) at 50 km from source

(Ace > 0.05 g; freq. > 2Hz) .
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P(d<d, )=P@d>d )=0 (2.33)
4rex” %min :
P(@a=D) = 1/( — 1) (2.34)

ford , <D<Q

vwhere D, 4, dmin and dmax have been rounded off to the nearest multiple

2 seconds.

2.9 Probabilistic Estimation of Peak Ground Acceleration and Duration

2.5.1 Introduction

- Up to this point, the following steps have been discussed and
developed: '

. The seismic sources that can affect a site under consideration have
been located. They can be line sources or area sources.

. The seismicity of each source (considered homogeneous over the
source) has been determined. It is described in terms of the
probability of occurrences of any number of events of any
Richter Magnitude (Mi) for a given period of time. Bayesian
concept is applied in this part of the analysis.

[ Two attenuation equations have been chosen to convey the infor-
mation from the sources to the site. The parameters chosen to
describe the seismicity at the site are the peak ground accelera-
tion and the duration of the shaking.

 In general a site is surrounded by & number of sources. For
design purposes, the pfobabilistic loading at the site is obtained by
combining the effect of all the sources. The loading is expressed in

terms of the'probability of occurrence of at least one event of

a given PGA and the probability of at least one event of a
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given duration. Probability distribution funcfions or cunulative dis-
tribution functions for these two parameters are developed for each
site for a given time period t. These two distributions totally

describe the seismicity of the site in terms of the chosen parameters.

2.5.2 Contribution of a Segment

All the quantities (M, PGA, duration) used in the Section 2.k
_are diséretiied to equal step increments. Hence, all the integral
signs can be replaced by summations. Since the hypoceptral distance
is.a parameter in both attenuétion relationships the seismic source
(usually a line or an area) must be divided into segments AL or M
to take into consideration the distance variation to the site from the
source-' The size of the segments is chosen small enough such that the
approximation from a continuous to‘discrete computation is acceptable.
The seigmicity within a source remains the same from seément to segment.
It ié eésily obtained from the data gathered for each source. .The
mean ratg of occurrence of events (eq. 2.9) for the whole source

becomes for a segment:

A" = (AL /L (2.35)
wherg L = length or area of source
AL = length or area of segment.

The distribution on the number of events for each segment is
obtained from equation 2.9 where A" is replaced by A" . The con-
ditional distribution on magnitudes given M events (eq. 2.20) remains

unchanged by the segmentation of the sources. The distribution of the
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number of occurrences of each magnitude is given by equation 2.21.

The probability of zero occurrence of each magnitude is given by
equation 2.22. The same distribution applies for any segment of the
source. The distribution of the number of occurrences of each M incre-
ment can be presented under a matrix form that describes the total
seismicity of the segment (Table 2.3.).

Only a finite number of different magnitude events can occur on
the segment (from the largest to the smallest magnitude coﬁsidered).
The number of occurrence associated with them. They are disregarded
when this probability becomes negligible, say 10—8. Hence the to£al
number of events is finite and can easily be handled under the sum-
mation signs.

Since the distance from the segment to the site is known, all the
parameters of the attenuation relationships (Eq. 2.26, 2.31, 2.32)
are determined. Hence, for each M a uniform distribution on accelera-

tion is obtained as follows:

_ 5000 ¢

5 (2.36)
R+ 40)

mean

a , and a are determined from the coefficient of variation and
min max
rounded off to the closest multiple of 0.02 G.

The contribution to acceleration greater or equal to ay of all

events Mj occurring on the same segment is written as:
2
> == “+ - - + .
P(A 2 ai) P X P(Mj) [l (1 -p ] P(ZMj)

+ [1 - (1 - p)n] P(ait, ) (2.37)



Richter Magnitude
ll-.O ll'-25 ,4050 u.75 o~ ;'- Mi -

0

1

2

3 P(3M,)
@ .
3
b=
()]
H .
H
o
o L]
qa ¢

n P(nMQ
M
8 .
2

TABLE 2.5. Seismicity of a Segment.
Probability of occurrence of any number of events

of given_Mi.
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where: P(A > ai) probability of obtaining acceleration

greater or equal to a; at least once.

probability of k occurrences of event

P(ij)

Mj withk=1, 2 . . . n

o)
It

P(A > ai/Mj), probability of obtaining
an acceleration greater or equal to a;

given an event Mj

Setting q = 1 — p, the above expression can be rewritten:

it

P@2a) = (L= PO + (1 - o) M) + . . .+ (1= g% ()

P(Mj) + P(ZMj) + ..+ P(nMj) -

€ PQL,) - & PN - . . - P () (2.38)
ook
PA>a.,) =1-PmoM,) - I q P(kM.,) (2.39)
i 377 ko 3
Ca
P(A < a,) =P(no M,) + % q° P(kM,) (2.40)
i X M j

with n chosen such that qu(nMﬁ) can be neglected.

The above discussion assumes independence among events. Hence,

the contribution of all possible events can be combined as follows:

P(A > a,)] =1- 1 [1-Paza) | (2.41)
i i
one segment all M,
M, J
J

The whole range of magnitudes is covered starting with the largest

one down to the smallest one that generates a noticeable effect at
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the site (Mj 2 Mmin as a function of distance). This eliminates the
consideration of a large number of events.

Similarly for duration

dmean = d50 + .15(50 ~ Rh) Rh < 50 km, (2.42a)
| d50
= 5 R, 2 50 km (2.42b)
(.00112(Rh—50) + 1)
d . aﬁd d are determined from the coefficient of variation and
min max
rounded off to the closest multiple of 2 seconds.
ok
P(D<d,) =P(no M,) + £ q P(kM,) (2.43)
1 J k=1 J

with n chosen such that q1 P(n Mj) can be neglected.

where: P(D > di) probability of obtaining
duration greater or equal

to di at least once.

P(k Mj) probability of k occurrences

of event Mj withk=1, 2, . . .n

]

p=1-q=P(0 > di/Mj)’ probability
of obtaining an acceleration
greater or equal to di

given an event M

3

and

PO 2 d,)| =1- 1 [1-P0D24dp) | (2.44)
1 1
one segment all M,
M, J
3
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2.5.3 Contribution of One or Several Sources

As the events are assumed independent from segment to segment, the con-

tribution of each segment of a source is combined as in equation 2.41 and 2.43.

P(A 2 a)| =1- 1 [1- P zap] | (2.462)
1 one source all one
segments segment
PO 2 d,)| =1- 1 [1-P20 > a)] | +(2.44b)
1 one source all one
segments segment

The seismicity at the site in terms of probability of occurrence of each
PGA value at least one time and each duration at least one time can be described
by the two vectors in Table 2.4,

When several sources are considered, the same principle is applied for

each source. Thus,

P(A2a)=1- T [1- P42 ap] ] (2.452)
all one
sources source
POD2d,) =1~ T [1-Pp@2>a)] | (2.45b)
i - i
all one
sources source

These expressions give the probability of occurrence at the site of at least
one acceleration and at least one duration greater than a given level.

Once a cumulative distribution function is established for each node of
a grid, a seismic exposure map can be prepared for any desired probability of
nonexceedence. Smothing procedures are used to obtain smooth contours at
given intervals.

Such maps can be drawn for any of the parameters of interest. A detailed
procedure for such a hazard mapping is given in Chapter III for the peak ground
acceleration and duration. However, the methodology developed here is general
enough that a map for spectral responses can be obtained if the attenuation in-

formation for such response parameters is known.
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3.1 Introduction

In this chapter seismic hazard maps are developed for Nicaragua
using the model presented in Chapter II. Each step of the methodology
is covered in the example:

o gathering of the available data

° location of the seismic sources

. Bayesian description of the seismicity

° use of probabilistic attenuation relationships

® development of iso-duration and iso-acceleration maps

This case study is presented to emphasize the following points:

) the simplicity of incorporating any subjective information with
the historical data to obtain Bayesian estimation on fault seismicity.

° the versatility of the method in which various uncertainties can be
incorporated in the attenuation relstionships

] the similarity between the results obtained with this model and the
ones presented in Shah, et al., (1975)*.

3.2 Selismic Data Base for Nicaragua

The earthquske data used in this study is the same as the data used
in Shah, et al. (1975). Two main sourcesof information are considered.
The NEIC~-NOAA data file covering the period from January 1900 to August
1973 constitutes the primary source of information and is referred to here-
after as Source 1. The Catalogue of Nicaraguan Earthquakes, 1520-

1973, by David J. Leeds (1973), is referred to as Source 2. The latter

* TIn the following pages, continuous reference is made to "A Study of
Seismic Risk for Nicaragua, Part I", Shah, et al. (1975). It might be
advantageous to the reader to meke himself familiar with Chapters I
through V of this publication.
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is used to obtain:

. data about earthquakes not reported or incompletely reported in the
NEIC-NOAA file (1900-1973);

) data about earthquakes associated with volcanic activity along the

Cordillera de los Marrabios (1850-1973).

The data covering the périod from 1520 to 1850 is not considered in
the analysis. This information is mainly descriptive, of low relia-
bility and difficulty evaluable in terms of presently used parameters.
Moverover, it is biased in that sense that only few large events
situated close to populated areas havé been recorded. Hence, it cannot
be used as such together with more homogeneous and better quality data.
However its historical interest should not be neglected and could be
used, for example, to help the analyst in formulating his subjective
input. The time period of data gathering is thus T3 years for the entire
country and 123 years for earthquakes associated with volcanic activity
along the Cordillera de los Marrabios.

In spite of the complimentarity of the two soufces, a large nﬁmber
of events remain insufficiently documented to be used as such in the
analysis. Rather than disregarding these events, the missing informa-
tion is generated using a Monte Carlo process supplemented by judgment.
It is felt that the total analysis benefits moré than suffers froﬁ such
an additional input.

The following remarks are valid for both sources:

° No critical study is made regarding the validity of the information
and the reliability of the data.
. Whenever information as basic as epicentral location or magnitude

is missing, the event is disregarded.
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° Events with Richter magnitude smaller than 3.0 are not considered.

Source 1

When complete, the information contained in this source includes
for a given event: time of occurrence, epicentral location (degrees}),
depth of hypocenter (km), and magnitude. The'magnitudé is in terms of
one of the following:
(1) caGs Mb average (Coastal Geodetic Survey body wave magnitude)
(2) ceGs MS average (Coastal Geodetic Survey surface wave magnitude)
(3) Richter magnitude M,
The acceleration attenuation relationships used in Chapter IT are baéed
on the Richter magnitude. Hence, when miésing, this information is
generated from Mb or Ms' It is known that for a given part of the world,

the Richter magnitude and CGS M5 are linearly related such that

M=a+bM ) (3.1)

In order to determine the coefficients a and b, a regression analysis
is run for all the earthquakes of which M and Mb are known using the
total data of Central America. The Richter magnitude is then obtained

by substituting the value of M in equation 3.1.

b
Whenever data on depth of hypocenter are not available, a depth is
assigned, as will be explained later in the chapter.

From Source 1, 419 events contain complete information; they are

shown as a function of depth in Table 3.1.

Source 2
When complete, the information contained in this source includes

for a given event: time of occurrence, epicenter location (degrees),
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depth, Richter magnitude and sometimes a short description of the seismic
event. The depth is either expressed in km or by a letter symbol N
(0 ~ 60 km) or I (70 .~ 200 km). In the same way, the Richter magnitude
is either expressed by its numerical wvalue or by a letter symbol, as
follows;:

B~ 7 é_M < T.7

C- 6<M<6.9

D~-53<M<L5.9

E M< 5.3

Through a simulation process, all the events taken from Source 2 are
assigned a numerical Richter magnitude from letter magnitude.

Hence, an additional 196 events are obtained (including events
from Source 1 with partial information), distributed as follows:

43 . events associated with volcanic activity and with shallow

hypocenters N (0 - 60 km).
40  events with shallow hypocenters N (0 - 60 km).
3 events with deep hypocenters T (70 - 200 km).
63 events with no data on depth.’

47  events with numerical data on depth (km).

The 466 earthquakes with complete data (419 from Source 1 and 47
from Source 2), are plotted as a function of depth. Using those plots
together with epicenter location, magnitude value, partial information

on depth and judgment, the 149 remaining events are assigned appro-

priate depths. This led to a total data of 615 events ranging from



TABLE 3.1

Data from Source 1, Sorted According to Depth of Hypocenter
(419 Events)

Number of Depth Range
Earthquakes (km)

8 0- 9

9 10 - 19
12 20 - 29
157 30 - 39
35 Lo - L9
32 50 - 59
3k 60 - 69
32 70 - 79
18 80 - 89
1k 90 - 99
13 100 - 109
9 110 - 119

3 120 - 129

T 130 - 139

3 140 - 1k9

7 150 - 159

3 160 - 169

6 170 - 179

3 180 - 189

> 190 - 199

9 , 200 - 215




5 to 215 km in depth and from 3.0 to 7.7 in magnitude. Appendix A
gives the listing of those earthquakes. In Figures 3.1 through 3.6
(Charts 2 through 7 from Shah, et al., 1975), they are plotted as a
function of depth.

From these figures the general seismic pattérn of Nicaragua can be
divided into the following regions:

(1) The Benioff Zone dipping North East toward the Nicaraguan
coast. This zone is marked by numerous earthquakes covering the whole
range of magnitude (larger as depth increases) and extending several
hundred kilometers into the earth's interior. The shallow earthquakes
(~ 30 km) due to this source are from 30 to 100 km away from the coast.
As the epicenters get closer to the coast, the hypocenters get deeper.
Hence, under Managua the hypocenters of earthquakes situated on the
Benioff Zone are very deep (100 - 200 km).

(2) In contrast, for thé local seismic sources, such as the ones
identified under Managua, the hypocenters are shallow (5 -~ 30 km). In
magnitude scale, these sources do not generate major earthquakes such
as those on the Benioff Zone; However, due to their shallowness and
proximity to populatéd areas, they have caused extensive damage and
loss of life in past history. The December 23, 1972 event was due to
the local source under Managua.

(3) The line of volcanoes from Northwest to Southeast (Cordillera
de los Marrabios) represents sources of future seismic activities.
Volcanic eruptions are seldom.by themselves sources of seismic activity,

and in the past various earthquakes have been recorded preceding volcanic

eruptions. For this reason earthquekes "associated" with volcanic

activity were treated in the model as shallow tectonic earthquakes.
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() Two shallow { ~30 km) seismic regions, one more or less coin-
ciding with the Pacific seashore between Lake Managua and the Costa
Rica border, the other one in the Gulf of Fonseca.

(5) The Atlantic coast of low seismicity.

Source Locdtion and Seismicity

Based on the above observations, the total number of events is
divided into 13 seismic sources: Ten of these are line sources and
three are area sources. Table 3.2 shows these 13 sources, the number of
events and the depth range of each source.

Appendix A gives a listing of the earthquakes included in each source.
Line sources are located by fitting a line through the data using regres-
sion analysis. For area sources, the centroid is obtained from the data
and the radius taken as the distance from the centroid to the most dis-
tant epicenter in the source.

The depth of each source is computed as an average hypocentral depth
of all the earthquakes included in the source; Earthquakes With no or
limited depth information are not included in this averaging process.
However, they are considered in determining the location and the seismicity
of the sources. Figures 3.1 thfough 3.6 show the sources locations and

depths.

_Limitations
It can be said that there are limitations to the use of available data

for the Nicaragua region. These limitations are given below.



TABLE 3.2

Seismic Sources for Nicaragua

76

Source Ni?eer;:f Na.mes of Source (D;f?h).;
1 Line 159 Benioff 5~ 39
2 Line 186 Benioff & Costa Rica 40 - 79
3 Line 72 Benioff 80 - 109
4 Line 31 Benioff 110 - 159
5 Line b1 Benioff 160 - 215
6 Line 23 "Costa Rica" 5 - 39
T Line 11 Atlantic A1l Depths
8 Line 12 Pacific Coast Line 33
9 Line 57 Line of Volcanoes 33

10 Line 5T Line of Volcanoes 33

11 Area 5 Managua Area 5

12 Ares 8 Gulf of Fonseca 33

13 Area 10 Costa Rica Area 80 - 109




T

1. 24% of the data contain incomplete information regarding the
depth. This information was added from either judément or by correlating
the event with other data where the depth information was available.

2. 32% of the data have magnitude defined by a symbol. Numerical
value of magnitﬁde for these cases was obtained through simulation.

3. The reliability of the total data base was not evaluated.

(i) Some information was obtained from church and historical
records.

(ii) Distribution of information over the country is biased.
Populated areas have better records than sparsely populated areas. (No
population - no records.)

(iii) Epicentral location could be in error due to lack of
a good grid of recording system. It is hoped that the recording net-
work presently installed by the Nicaraguan authorities, the U.S5.G.S. and
private organizations in Nicaragua will help in increasing the under-
standing of attenuation relationships and the .accuracy of epicentral
locations in the future. Such calibration may help in relocating the
past events (Dewey, 1973).

It is felt that the work done by Dewey (1973) and others in cali-
brating the epicentral locations through the ESSO refinery record does
not have sufficient experimental evidence as yet, Hence, no hypocentérs
are moved based on Dewey's work. (One exception is the 1931 earthquake-
stadium fault.)

The above remarks point out the need for using the Bayesian model
which can help to supplement the incompleteness of the data with sub-

Jective information.
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3.3 Data Analysis and Subjective Input

As mentioned previously, the Richter magnitude is treatéd as a
diserete variable. Its values are rounded off to the closest multiple
of .25 on the Richter magnitude scale. These rounded off valués aré
referred thereafter as Mi's (4.0; 4¥.25; 4.5; 4.75; etc;).Events of Mi
smaller than 4.0 are not considered in the model (although théy are used
in obtaining the subjective information on occurrences). Events of M3
smaller than 3.0 are totally disregarded.

The data 1s analyzed in two steps. 1In the first step information
is obtained to determine the rate of occurrence of events independently
of magnitude. This is used as an input to the Poisson-gamma model.

In the second step information is gathered about the distribution of
magnitudes of these events. For each Mi the probability of success
given one trial is determined. A trial is defined as the occurrence

of an earthquake. A success is defined as the earthquake being of the
Mi considered while & failure is defined as the earthquake being of any
other magnitude. This is used ag the input to the Bernoulli-Beta model.

The analysis is based on two sources of information: the available
data as presented in Appendix A and the subjective input introduced
through Bayesian analysis. In order to make the comparison with Shah,
et al. (1975), more meaningful, the subjéctive input is arbitrarily
chosen as the input used for that study. One has to remeﬁber that one
goal of the case study is to compare the behavior of the model developed
in this dissertation with the other available models. This caﬁ only be
done if the data used in comparing the two models isAsimilar. The values
of all the parameters used for the 13 sources are listed in Tables 3.3

through 3.1kh.



TABIE 3.3
Seismic Source Parameters

19

Source 1 (line)
Benioff (5 - 39 km)

Time Data Buse (T): 73

years

Number of Recorded Events (N): 82

v' from log-linear fit : T2
A= At 47 =73+ 73 =146
V'= oyt ¢ N = T2+ 82 =154
" - - =
n = ny +N=72+ 82=15h
i i
Richter |Nb of Recorded Occurrences Cumulative Nb of Occurrences{ Nb of Occurrences in 5& + RM
Magnitude in M, "bands (log-linear fit Fig. 3.7 ) M, bands (log-linear fit) i . i
. A
M) (RM_) (Nc) (g ) (&y )
i i 1
k.0 26 72.0 18.0 k4,0
L.25 18 54.0 12.0 30.0
h.50 14 42,0 11.0 25.0
4,75 4 31.0 7.0 11.0
5.0 2 24,0 4,5 1.5
5.25 L 18.5 4.5 8.5
5.50 3 1h.0 3.5 6.5
5.75 6 10.5 2.3 8.3
6.0 - 2 8.2 2.0 4,0
6.25 1 6.2 3.7 4,7
6.50 1 2.5 1.5 2.5
6.75 1 1.0 1.0 2.0
7.0
7.25
T.50
7.75
TABLE 3.h4
Seismic Source Parameters
Source 2 (Line)
Benioff & Costa Rica (40 - 79 km)
Time Data Base (T) : 73 years
Number of Recorded Events (N): 128
v' from log-linear fit : 125
A" = A" + P = 73 + 73 = 146
V'= v+ N = 125 + 128 = 254
Ny = Ny *N=125+ 128 = 254
i i
Richter {Nb of Recorded Occurrences { Cumulative Nb of Occurrences| Nb of Occurrences in E& + R,
Magnitude in M, bands. (log-linear fit Fig. 3.8) Mi bands (1eg-linear fit) ' i
. L "
(M) (Ry ) {x.) (&) (g )
i i i
4.0 26 125.0 20.0 b6.0
h.24 9 105.0 19.0 28.0
L.50 22 86.0 15.0 37.0
L, 75 6 1.0 12.0 18.0
5.0 10 59.0 11.0 21.0
5.25 7 48.0 7.0 14,0
5,50 10 4.0 7.0 17.0
5.75 5 34.0 5.5 10.5
6.0 - 13 28.5 5.0 18.0
6.25 3 23.5 k.o 7.0
6.50° 3 19.5 3.5 6.5
6.75 7 16.0 2.5 9.5
7.0 3 13.5 5.9 8.9
7.25 4 7.6 6.6 10.6
T.50 1.0 1.0 1.0
T.75




TABLE 3.5
Seismic Source Parumeters
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Source 3 (Line)
Benioff (80 - 109 km)

Time Data Base {T): 73 years
Number of Recorded Events (N): 51

V' from log~linear fit: 50.5
A" = At 4+ T = T3 4+ 73 = 146
V' = vt o+ N o= 50.5 + 51 = 101.5
n' =n! + N= 50.5 + 51 = 101.9
Mi M
Richter Nb of Recorded Occurrences Cumulative Nb of Occurrences| Nb of Occurrences in Eh'ri + RM
Magnitude in M; bands (log-linear fit Fig. 3.9 ) M, bands (log~linear f£it) 1 i
"
(M) (R, ) (x) (g ) (&)
i i i
4.0 8 50.5 5.5 13.5
h.25 2 45,0 h.5 6.5
L.s50 3 .5 4.0 7.0
4.75 I 36.5 3.5 T.5
5.0 3 33.0 3.0 6.0
5.25 2 30.0 3.0 5.0
5.50 5 27.0 3.0 8.0
5.75 7 24,0 2.5 9.5
6.0 8 21.5 2.0 10.0
6.25 3 19.5 2.0 5.0
6.50 1 17.5 1.5 2.5
6.75 2 16.0 10.4 12.4
7.0 2 5.6 h.2 6.2
T:25 1 1.b 1.05 2.05
7.50 0.35 0.25 0.25
T.15 0.1 0.1 0.10
TABLE 3.6
Seismic Source Parameters
Source 4 (Line)
Benioff (110 - 159 km)
Time Data Base (7): 73 years
Number of Recorded Events (N): 16
V' from log-linear fit: 1
A" = At ¢ = T3+ 73 = 1k6,
Vi=yt + N =18+ 16 = 34
nt o=n' +N =18 +16 =34
Mi Mi
Richter |[Nb of Recorded OQccurrences Cunulative Nb of Occurrences| Nb of Occurrences in EM + RM
Magnitude in M, bands (log-linear fit Fig. 3.10) Mi bands {log-linear fit) i
(1) (Ry ) (x,) (&) (& )
i i i
k.0 5 18.0 2.7 7.7
4,25 1 15.3 2.3 3.3
k.50 1 13.0 2.0 3.0
4,75 0 11.0 1.5 1.5
5.0 1 9.5 1.5 2.5
5.25 0 8.0 1.2 1.2
5.50 1 6.8 1 2.1
5.75 1 5.7 0.8 1.8
6.0° 2 4.9 0.8 2.8
6.25 0 4.1 0.6 0.6
6.50 2 3.5 0.5 2.5
6.75 1 3.0 2.6 2.6
7.0 1 1.4 0.95 1.95
T.2% 0.b5 0.35 0.35
T.50 0.1 0.1 0.1
T.75




TABLE 3.7
Seismic Source Parameters
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Source 5 (Line)
Benioff (160 - 215 km)

Time Data Base (T) : 73 years
Number of Recorded Events (N) : 31

v' from log~lincar fit : 31
A" = A' + T =73+ 73 =146
V' = v+ N =31+ 3L = 62
n o =n! +N=31+31 =62
MM
Richter |Nb of Recorded Occurrences Cumulative Nb of Occurrences| Nb of Occurrences in & + RM
Magnitude in M; bands {log-linear fit Fig. 3.1l ) M, bands (log-linear fit) 1 i
(1) (Ry ) (n,) (&) (g )
i i i
4.0 5 31.0 5.0 10.0
4.25 2 26.0 k.0 6.0
4.50 3 22.0 4.0 7.0
L.75 2 18.0 3.0 5.0
5.0 S 15.0 2.5 7.5
5.25 3 12.5 2.0 5.0
5.50 1 10.5 1.7 2.7
5.75 2 8.8 1.5 3.5
6.0 2 7.3 1.3 3.3
6.25 1 6.0 .9 1.9
6.50 0 5.1 -9 -9
6.75 2 k.2 .6 2.6
7.0 0 3.6 .6 6
T.25 2 3.0 <5 2.5
7.50 0 2.5 b .
T1.75 1 2.1 1.2 2.2
8.0 0 .9 .58 .58
8.25 o} .32 .29 .29
8.50 o] .03 .03 .03
8.75
TABLE 3.8
Seismic Source Parameters
Source 6 (Line)
Costa Rica {5 - 39 km)
Time Data Base (T) : 73 years
Number of Recorded Events (N) : 10
v! from log-linear fit : 11
A" = At 4+ T =T34+ 73 =146
Vi=v+N =11+10=21
"o = =
nM. n&l' + N 11 + 10 21
i i
Richter |Nb of Recorded Occurrences | Cumulative Nb of Occurrences) Nb of Occurrences in M + RN
Mognitude in M; bands (log-linear fit Fig.3.12 ) M; bands {log-linear fit) i ‘i
() (g, ) (gy) (& )
1 ¢ i 1
L.0 1 11.0 2.0 3.0
k.25 2 9.0 1.6 3.6
k.50 2 7.4 b 3.4
4,75 1 6.0 1.0 2.0
5.0 1 5.0 .9 1.9
5.25 0 k.1 .7 T
5.50 1 3.h .6 1.6
5.75 0 2.8 .5 .5
6.0 0 2.3 R 4
6.25 0 ©1.9 .35 .35
6.?0 2 1.55 1.3 3.3
6.75 .25 .15 215
7.0 .1 .1 A
T.25
T7.50
T.75




TALLE 3.9
Seismic Source Parameters

Source 1 (Line)

Atlantic (A1l depths)

Time Data Base (T) : 73 years

Number of Recordecd Events (N): 7

V' from log-linear fit: 7.75

A" = At 4T =734 73 =146

vz # N = 7.75 4+ 7= 14,75

";;l. = nl;,l + N =T7.75 +7=1475

i i
Richter |Nb of Rccorded Occurrences | Cuwnulative Nb of Occurrences| Nb of Occurrences in
Magnitude in Mi bands {log-linear fit Fig. 3.13) Mi bands (log-linear fit)
(4, (R, ) () )
i ' i
4.0 0 7.5 . .6 6
L.2s o 1.15 .6 .6
.50 0 6.55 .5 .5
k.75 1 6.05 5 1.5
5.0 2 5.55 ks 2.hg
5.25 0 5.1 A Wb
5.50 1 .7 Wb 1.4
5.75 o] b3 .3 .3
6.0 1 k.0 .3 1.3
6.25 1 3.7 R 1.k
6.50 Q 3.3 1.9 1.9
6.75 0 1.4 .86 .86
7.0 1 .54 .32 1.32
T.25 .22 .12 .12
7.50 .1 W1 1
7.75
TABLE 3.10

Seismic Source Psrameters

Source 8 (Line)
Pacific Coast Line (33 km)
Time Data Base (1): T3 years
Number of Recorded Events (N): 10
V' from log-linear fit: 9.2
A" = A 4+ T =73+ 73 =146
V'=v'+ N =9.2+10= 19,2
Ty =My *N¥=9.2+10=19.2
i - i
Richter |Nb of Recorded Occurrencés Cumulative Nb of Occurrences] Nb of Occurrences in E& + RM
Magnitude in M, bands (log~linear fit Fig. 3.1h) My bands (log-linear fit) i i
9 1] "
() (Ry ) (x_) (&) )
i . 3 i
5.0 1 9.2 .8 1,8
.25 1 8.4 T 1.7
L.50 1 7.7 .7 1.7
4.75 1 7.0 .6 1.6
5.0 b 6.4 .6 4.6
5.25 0 5.8 .5 .5
5.50 1 5.3 .5 1.5
5.75 )} 4.8 b Wb
6.0 0 4.4 R b
6.25 1 4,0 3.1 b
6.50 R .9 .8 .8
6.75 .1 .1 .1
7.0
7.25.
7.50
T.75




TABLE 3.11
Seismic Source Parameters

83

Sources 9 & 10 (Lines)

Line of Volecanoes (33 km)

Time Data Base (T): 123 years
Number of Recorded Events (N): 5k

WV OVt

c .

.

V' from log-linecar fit: S5k
A" = A' T =123 + 123 = 246
v'= V! 4+ N = 5h + 54 = 3108 (for both sources together); V" = 108/2 = 54 for each source.
n"=rg}:l + N =54 + 54 = 108 :
M,
i, 1
Richter |Nb of Recorded Occurrences Curculative Nb of Occurrences|{ Nb of Occurrences in gM + Rlv‘
Magnitude in Mi bands (log-linear fit Fig. 3.15) M1 bands (log-linear £it) i i
(14,) (R, ) (x) (gy) (&)
1 et ‘i
4.0 1 sh.0 3.0 k.o
4,25 - 0 51,0 3.0 3.0
k.50 2 48.0 3.0 5.0
4.75 1 45,0 2.5 3.5
5.0 1 42.5 2.5 3.5
5.25 2 Lo.0 2.4 bk
5.50 11 37.6 241 13.1
5.75 13 35.5 2.0 15.0
6.0 7 33.5 2.0 9.0
6.25 2 31.5 2.0 k.0
6.50 S 29.5 9.5 1k.5
6.15 5 20.0 14.8 19.8
7.0 3 5.2 3.7 6.7
:{.25 1 1.5 1.05 2.05
7.50 5 .35 .35
7.75 A W1 .1
TABLE 3.12
Seismic Source Paranmeters
Source 11 (Area)
Managua Area (5 km)
Time Data Basc {T): 73 years
Number of Recorded Events (N): 5
v' from log-linear fit : 6.5
A" = A' ¢+ =73+ 73 =146
W=vt+N =6.5+5=11.5
nIUI.:nD'd +N=6.5+5=11.5
i i
Richter |Nb of Recorded Occurrences | Cumulative Nb of Occurrences| Nb of Occurrences in EM + RM
Magnitude in M, bands (log~linear fit Fig. 3.16) ¥, bands (log-linear fit) i i
(Mi) (RM ) ~(Nc) (gr) ,(E;. )
1 i g3
4.0 1 6.5 1.1 2.1
L.25 ] S.h .9 9
4,50 0 L,5 .8 .8
L.75 1 3.7 .6 1.6
5.0 1 3.1 .5 1.5 -
5.25 0 2.6 8 .48
5.50 1 2.12 37 1.37
5.75 0 1.75 27 .27
6. 0 1.48 .27 .27
6. 1 1.21 R3E 1.4
6 .8 .8 .8
[
7
T
T
1
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PABLE 3.13
Seismic Source Parameters
Source 12. (Avea)
Gulf of Fonseca (33 km)
Time Date Base (T) : 73 years
‘Number of Recorded Events (N) ¢ 7
V' from log-linear f£it : 7.7
A" = At 4 T e 73 4 73 = 146
V9= 4N e 7.7 47 = 14,7
LU - 1 = -
YIM. = nm + N 7.7+ 7 14.7
i i
Richter {Nb o‘f Recorded Occurrences Cumulative Nb of Occurrences|{ Nb of Occurrences in Er'd + RM
Mugnitude in M, bands (log-linear fit Fig. 3.17) M, bands (log-linear fit) i i
(1) g, ) () Yo (g )
i Mi [ 4 i
4.0 4] 7.70 .15 .15
4.25 0 7.55 .15 ’ .15
4.50 0 7.4 .1 .1
4.75 0 7.3 .1 .1
5.0 0 7.2 .1 .1
5.25 0 7.1 .1 .1
5.50 4 7.0 .1 4,1
5.75 B 6.9 .1 1.1
6.0 1 6.8 4.8 5.8
6.25 1 2.0 1.9 2.9
6.50 .1 .1 Jd
6.75
7.0
7.25
7.50
7.75
TABLE 3,14
) Seismic Source Parameters
Source 13 (Area)
Costa Rica Area (80 - 109 km)
Time Data Base.(T): 73 Years
Number of Recorded Events (N): 4
V! from log-linear fit: 5.4
A" =AY 4 T = 73 4 73 = 146
V' =v' + N =544+ 4894
N oot = -
nyoEony o+ NeSA 4 4= 0
i i
Richter |Nb of Recorded Occurrences Cumulative Nb of. Occurrences| Nb of Occurrences in EI:( + RM
Mugnitude in M, bvands (log-linear fit Fig. 3.18) M, bands (log-linear fit) i i
(1) YRy ) (N, Yo (g )
i : y € i i
4.0 1 5.4 .8 1.8
4.25 0 4.6 .6 .6
4.50 1 4.0 .5 1'5
4.75 (s} 3.5 .5 :5
5.0 0 3.0 4
5.25 0 26 " "
5.50 1 2.2 3
5.75 0 . . 1.3
B 1.9 .25 .25
6.0 [ 1.65 .25 .25
6.25 o 14 .2 .2
6.50 0 1.2 .15 .15
6.75 [} 1.05 .15 .15
7.0 1 .9 5 1.5
7.25 4 3
. 3
7.50 .1 1
7.75 : 1
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Poisson Model

The generating process for the number of occurrences is the Poisson
model with uncertain mean rate of occurrence A (eq. 2.1). The parameter
A is treated as a random variable and Bayesian statistics is applied to
it.

The sample likelihood function on A (eq. 2.4) is derived from the
generating Poisson model. The parameters T and N of the sample likeli-
hood function are determined from the available data. T represents the
time base for which the data is available: T3 years for all sources
except for the two volcano lines for which it is 123 years. N represents
the total number of occurrences observed on the source considered during
this time period.

The gamma prior distribution on A (eq. 2.3) is based on the sub-
Jective input of the analyst. The numerical values of the parameters A’
and v' are obtained from this subjective input. For this study, it is
assumed that the values of A' and V' are respectively equal to T and N
of the corresponding source. The implication of this assumptioﬁ is that
the subjective information of the expert is similar to the available data.
In other words, the analyst has as much confidence in his subjéctive in-
put as he has in the data.

Based on the values of A', v', T and N, the parameters A" and v"
of the posterior distribution on A (eq. 2.7) can be calculated for each
source. It should be pointed out that in the absence of any subjective
information (diffuse prior), the analysis can be carried out with objective

data alone and in the absence of any objective data, the analysis can be
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carried out with subjective information alone. Knowledge of A" and V"
completely defines -—- in a posterior sense -- the probability function
for the mean rate of occurrence A for the source consideréd during a
future time t.

Convolving the conditional Poisson generating process for the number
of occurrences with the posterior distribution on A, the marginal dis-
tribution for the number of occurrences (eq. 2.9) is derived for each
source considered. This distribution does not give any information on
the magnitude of the occurrences. The next step is to obtain the

posterior conditional distribution on magnitudes.

Bernoulli Trials

The generating process for the number r  of events of any specific

M,
i

Mi given that a total of n events have occurred is the binomial model.
However, the probability of success Py for each trial has been assumed
to be uncertain. The parameter Py isltreated as a random variable and
Bayesian statistics is applied %o zt.

The sample likelihood function on Py (eq. 2.15) is derived from
the generating binomial process. TFrom th; available data, the parameters
N and RM. of the sample likelihood function can be determined. N

i

represents the total number of events recorded on the source under con-

sideration and RM represents the number of earthquakes of magnitude Mi
i

(successes) recorded on the same source. RM must be determined for
i

egach source and each Mi.

Using the conjugate beta prior (eq. 2.13) for the distribution on

Py » the parameters n& and E& are determined from the analyst's
i i i
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subjective input. For this case study, it is assumed that the analytical
recurrence relationship fitted to the data for each source constitutes
the subjective input. For each individual source, the analytical rela-
tionship descr;bing the recurrence of various Mi events is given by the

following log-linear relationship

In N(M) = o + BM

where N(M) = Number of events above magnitude M

M

i

Richter magnitude

o and B are regression constants.

Figures 3.7 through 3.18 (Figures 3.2 through 3.13 from Shah, et al.,
1975) show these recurrence relationships for all the seismic sources
considered. Table 3.15 gives the summary of o and f values for each
source and the cubtoff point corresponding to In N(M) = 0.1. It can be
seen from Table 3.15 as well as from Figures 3.7 through 3.18 that most
of the analytical recurrence relationships fitted to the data are bi-
linear.

The prior nﬁ. represents the subjective knowledge about the number
of events for a sgurce above the fixed lower bound (Mi = 4.0). As an
example, consider the source 1. From Figure 3.7 the nﬁ' corresponding
to this source is T2. gﬁ. represents the number of earthquakes of
magnitude Mi' Again fromlFigure 3.7, for M= 3.875, Ne = 72 and for M =
4,125, Ne = 54 thus, for M, = 4.0, E&. is equal to 72 - 54 = 18. Because
of the definition of the prior, withi; each source, nﬁ‘ is constant for

i
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all Mi's. If the prior had been input differently such as in the form

of a distribution for each M; , different n& could have been obtained.
i

The condition

) —2t 1.0 (2.14 repeated)

obviously satisfied in this case, should then have been chécked and
satisfied by normalizing these ratios.

Having determined the parameters of the sample likelihood function
as well as the ones of the prior distribution, the posterior parameters
n&' and gﬁ. (eq. 2.18) can be obtained by using the concept of con-
ju;ate dis;ribution. The knowledge of nﬁ. and g&‘ completely defines —-
in the posterior sense -- the probabilityl distiibution of the proba-
bility of success pM. of magnitude Mi on the source considered.

The marginal di;tribution on the number of successes Mi's (eq. 2.20)
is obtained by convolving the posterior distribution on Py, and the

i

conditional generating process of r However, this marginal distribu-

M,
i
tion is still conditional on the number of events n.

Combining the distribution of r_ for given n (eq. 2.20), with the

M,
i

distribution on n (eq. 2.9) gives the marginal Bayesian distribution on

Ty (eq. 2.21). This information completes the description of seismicity
i

for a given source.
To obtain the probabilistic information on the peak ground

acceleration and duration at the site, the above information on the



Table 3.15

Parameters of Recurrence Relationships

Source 0y Bl 0 62 Cutoff
1. 8.66 -1.09 30.06 -4.55 6.8
2 7.78 -0.7k 69.08 -9,21 7.8
3. 5.59 -0.42 b2.02  -5.75 7.7
b4, 5.49 -0.65 32.34 -4.55 7.5
5. 6.31 -0.72 42,16  -5.27 8.5
6 5.47  -0.7T  51.55  -T.82 6.9
T 3.ho -0.33 24,15 -3.53 7.5
8. 3.73  -0.37 47.68 -7.57 .8
9. 4,99  -0.2% 39.65 -5.43 7.8

10. 4,99 -0.24 39.65 -5.43 7.8
11, L.81 ~-0.7h 80.79 -12.k0 6.7
12. 2,35 -0.07 82.15 -13.04 6.5

13. 4,05 -0.59 39.27 -5.54 7.5
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seismicity of various sources must be combined with the attenuation

relationships presented in Chapter II.

As mentioned in that chapter, a uniform distribution with a con-
stant coefficient of variation is used to describe the scatter of the
attenuation data with respect to the mean.

Figure 3.19 shows the cumulative distribution function for the peak
ground acceleration for Managua. The future time period considered is
50 years. The assumed coefficients of variation on the attenuation rela-
tionship are 0.0, 0.3 and 0.5. The dotted line indicates the results
from a previous study (Shah, et al., 1975).

Figure 3.20 shows the cumulative distribution function for the
duration for Managua. The time period considered is 50 years. The
assumed coefficients of variation on the attentuation relationship are
0.0, 0.3 and 0.5. No similar results are available in the literature
for comparison.

Comparing the cumulative distribution function from this study
with the one obtained in Shah, et al., (1975)(Figure 3.19), the following
observations can be made.

) With a zero coefficient of variation, the Bayesian approach leads
to smaller accelerations. This can be explained by the following:
the combination of the Poisson-gamma and binomial-beta models pro-
duces smaller probabilities than the Poisson model only. This is
noticed in simple test runs in which the data is as similar as the
difference in input format permits. Moreover, the data used in the

Bayesian approach is less conservative than the one used in the
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Poisson model. The log-linear recurrence relationships are the
sole data to the Poisson model. In the present model the log-
lineaf recurrences are combined with the available data through
Bayesian statistics. This introduces a decrease in seismicity as
explained below. For large M's where insufficient information is
available to obtain a good fit, it is common to adopt a conserva-
tive approach. Hence for those magnitudes, that are governing the
results, the log-linear recurrence relationship often implies a
seismicity greater than the one shown by the data itself. (Figures
3.7 through 3.18). Therefore the combination of the data and the
log-linear fit results in seismicity smaller than the one described
by the recurrence relationships only.

Curve 1 is not as smooth as curve 4. Both models are very sensi-
tive to the wvalue of the upper cutoff on each source. In the
present model it is input as an abrupt cutoff, whereas in the
Poisson model it is input as a sharp but continuous decrease which
for small probabilities extends beyond the cutoff value. There-
fore the switch of the governing influence from one source to
another as the PGA increases does not appear as sharply. This
produces a smoother CDF. Moreover, the treatment of the accelera-
tion as a discrete variable (curve 1) must of necessity introduce
some round off approximations.

Increasing the coefficient of variation of the aﬁtenuation relation-
ship increases the probability of exceeding a given level of peak

ground acceleration. This is expected. A coefficlent of variation
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of zero implies that the attenuation relationship has no scatter.
As the coefficient of variation increases, the uncertainty associated
with the attenuation relationship increases. This results in
larger accelerations for the same M and distance;

o The probability of exceeding a given PGA approaches the results
presented in Shah, et al; (1975) (Curve 4) as the coefficient
of variation increases from 0.0 to 0.3; Thé vérsatility of the
present model and its superiority over the cﬁrrently avaeilable
models is obvious.

® Similar behavior regarding duration is observed in Figure 3.20
as the coefficlient of variation in duration attenuation increases,
the probability of exceedence for a given duration alsc increases.
No comparison can be made about this behavior since similar

results are not available in the literature.

Figures 3.21 and 3.22 emphasize the béhaVior of the PGA and dura-
tion as a function of the coefficient of variation in PGA and duration
attenuations: larger uncertainty in the atténuatién relationships
results in higher values of PGA or duration.

In developing some iso-acceleration mapé for Nicaragua, the follow-
ing cases are considered.

1. Economic life of 20 years. 10% chance of exceedence.

Coefficients of variation of 0.0 and 0.3.
2. Economic life of 50 years. 10% chance of exceedence.

Coefficients of variation of 0.0 and 0.3.
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Peak Ground Acceleration (G)
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FIGURE 3.21. Peak Ground Acceleration P(a>ao) = 0,10
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FIGURE 3.22. Duration P(d>do) = 0.10
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Thus four iso-acceleration maps (Fig. 3.23 through 3.26) and four
iso-duration maps (Fig. 3.27 through 3.30) are developed. The maps are
drawn for return periods corresponding to U475 years. Comparing the iso-
acceleration map of this study having a coefficient of wvariation of
0.3 and 475 yeérs return period with the map developed in Shah, et al.,
(1975). The following comments can be made.

° For the same data base, the shapés of the iso-acceleration lines
are very similar.

® The peak ground accelerations obtained from this study (for a
coefficient of variation of 0.3) are slightly smaller.

° The iso-duration maps developed here are unique and no coﬁparable
results are avallable in the literature. However the values
presented here look reasonable and in good agreement with past
events.

° For a given region and a given return period the peék increases
with the increase in coefficient of variation of the attenuation

relationship.

3.4 Conclusions

In this chapter, a method of using the available data and the
subjective information to obtain seismic hazard for a region is pre-
sented. It is shown that any geological informatioﬁ, no matter how
subjective, can be incorporated in describing the seismicity of a
fault or a source. Once such an information ié incorporated in the
hazard mapping methodology, any objection to the use of historical dats
alone can be removed. The purpose of presenting the Nicaragua

seismic hazard map is not only to explain the Bayesian methodology but
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also to emphasize the following points;

] The simplicity of incorporating any subjective information with
the historical data to obtain Bayesian éstimation on fault
seismicity.

° The versatility of the method in which various uncertainties can
be incorporated in obtaining the final probabilistic hazard infor-
mation. In the example case, uncertainty in the attenuation
equations was included through the coefficient of variation
approach.,

° The advantage of explicit probabilistic information on duration.
This should be of great interest to engineers who wish to estimate
the damage potential of a glven event and also to reséarchers who
are trying to develop seismic intensity parameters based on input
energy, duration, amplitude; etc.

e The efficiency of the algorithm developed for mapping. Total
information (CDF) for acceleration and duration was obtained for the
399 nodes of the grid. On a computer IBM 370/168, the execution
time varied between 20 to 35 CPU seconds as a function‘of the value
of the coefficient of variation in thé'attenuation relationships.

(0.0 or 0.3).

It is hoped that the Bayesian methodology presented here will be
applied to regions where there is very little historical data and where

some subjective information on the local seismicity is available.
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CHAPTER IV

ANATLYSIS OF EARTHQUAKE RECORDS
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4.1 Introduction

In Chapter I, Section 1.L4.2 it is pointed out that an in depth
study of earthquake records (accelerograms) involves time and frequency
domain analyses. 1In the current analysis and design procedures, the
time domain information is usually in the form of peak values (such as
peak acceleration, velocity and displacement) and duration. The freT
quency domain information most widely used by engineers is in the form
of response spectra (Newmark and Valestos, 196L4). It is felt that such
information is necessary but not sufficient and global for understanding
earthquake ground motion. To develop a better understanding of currently
ayailable and digitized accelerograms, 97 records are analyzed in this
study. As mentioned in Chapter I, the analysis involves the following
parameters:

(A) 1Input parameters obtained from recorded accelerograms

e Duration (defined later in Section 4.2)

® Mean acceleration

e Root mean square (RMS) of acceleration

® Parameter a_ defined as the acceleration which has proba-
bility p of being exceeded for a given record.

e The ratio K = ap/RMS

(B) Response parameters obtained from acceleration response
histories of a linear single degree of freedom system with damping
ratios of 5%, 10% and 20% and natural period range of 0.08 sec to
5.0 sec.

e Duration (defined later in Section k4.L)
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® Mean acceleration

e Peak response (corresponds to spectral value)

® RMS of acceleration

e Probability distribution of response peaks

e Parameter ap defined as the response acceleration which has
probability p of being exceeded for the given response.

e The ratio K, = ap/RMS

. Cumulative potential energy per unit mass (ENGY) in the
response time history.

e The ratio X, = RMS® - T2/ (ENGY/NBPK), where T is the period

of the structure and NBPK is the number of peaks of the response time

history.

4.2 Description of the Accelerograms Used

It is assumed herein that the digitized and corrected records of
acceleration represent a true and sufficient input. These records are
obtained on magnetic tape from the Barthquake Engineering Research
Laboratory, California Institute of Technology. They correspond to the
Volume II Report Series (Hudson, et al., 1971-197L4). They are digitized
at equal time increments of 0.02 seconds.

A set of U9 earthquakes is considered in this study (Table L4.1).
No scaling of the amplitude is used. However, since duration is recog-
nized to be of importance, some convention is necessary to define the
duration of an earthquake record. Surprisingly, no standard (and
acceptable) definition of duration exists in the literature. Whatever

few references that are available define the duration qualitatively
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(i.e., the time during which the damage is likely to occur). To
develop a simple and usable definition of record duration, a sensitivity
study of the effects of various levels of acceleration cutoffs on the
duration is conducted. Table 4.1 gives the results of this study.
After inspection of these results, it was decidéd to use 0,02G level of
acceleration as the cutoff acceleration. In other words, the record

is truncated at the time when the acceleration becomes and rémains
>smaller than 0.02G. This is a rather arbitrary definition; however,

for this study, it seems to be a reasonable definition.

Because of the above definition of duration, three earthquake
records are totally eliminated, their peak ground accelerations being
smaller than 0.02G. The total number of records analyzed is thus 97
noting that the Parkfield A.2 1966 earthquake has only one component
recorded (record BO33 in Hudson, et al.,1972). These records are
chosen to provide a large spectrum of earthquakes recorded on different
soil conditions and st various distances from the epicenters.

Only horizontal accelerations have been considered in the study.
The parameters mean, RMS and ap have been computed using both the peak
values and the values corresponding to the equal time increments (the
input and responses bging digitized at equal time increments). The
parameters values (mean, RMS and ap) obtained from both mgthods are
proportional. Hence they are related by a constant and the conclusions
drawn for one set of parameters can be applied to the other. In the
following sections only the results based on the incremental values are

presented.
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4.3 Statistics of the Input Parameters

The first step in the analysis of past earthquake data is to evaluate

the various input and statistical parameters associated with the recorded

and digitized accelerograms. Table 4.2 shows the results of this analysis.

Each of the parameters analyzed is described below:

NBPK (Column )

This parameter represents the number of peaks of the earth-
quake records. Strictly, NBPK represents the number of zero
crossings of the given accelerogram. This information is
useful in calculating the RMS of the recmrd;

RMS (Column 5)

This parameter is a statistical summary of all the incremental
values recorded for a given acéelerogram. In terms of the
frequency domain, the RMS of the input is the ordinate of

RMS vs. period graph at zero period. This information is
extensively used in developing a stable parameter described in
later sections. The RMS for all the records is calculated

using the following expression.

T h2
RMS = n_i (4.1)

where hi = individual acceleration amplitude

total number of time increments.

n

This parameter is a better description of the accelerogram than
the peak value representation currently used. Also, being a
statistical summary, its variation is less than the variation

of the peaks.
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Probability distribution function of amplitude values at
equal time increments.

To understand the variability and distribution of the
accelerogram amplitudes, various probability functions are
tried considering the amplitude values as a random variable.
In particular two distributions seem to fit the data quite
well. They are the gamma and the exponential distributions.
Figure 4.1 shows two typical CDF fits of gamma and exponen-
tial distributions to accelerograms. After trying these two
distributions for all the accelerograms considered, it is
decided to use the exponential form because it is simple to
use and fits the data reasonably well. The probability dis-
tribution function for exponential shape (Fig. 4.2) is given

by
Aa

fA(a) = le” (h.2)

where A = random variable defining the acceleration amplitude

a the value A takes

A

constant of the exponential distribution
It should be pointed out that once the distribution of the
amplitudes is known, any probability statement regarding the

acceleration can be made. As an example:
© L =A
[ xe” Aan

a (%.3)
-Aa

= e

P(Peak amplitude A > a)

This information is extensively used in determining ap defined

below and in obtaining the stable parameter Kl
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FIGURE 4.1. Two Typical Gamma and Exponential Fits

of Earthquake Record Amplitudes.
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fA(a)%'

Area = p

eefii

a Acceleration

FIGURE 4.2. Exponential Distribution

Mean acceleration (Column 6:1)

This parameter is the average amplitude of the acceleration
throughout the record. It is equal to l/A where A is the
parameter of the exponential distribution.

ap (Column T: P=5%; Column 8: p=10%)

This variable represents the acceleration which has p proba-
bility of exceedence for a given accelerogram (Fig. 4.2).
Ratio K, = ap/RMS (Column 9: p=5%; Column 10:p =10%)

As will be described in Section 4.4, this ratio is truly

stable for all accelerograms with the exception of few records.
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The reasons for developing the parameters presented in Table k.2
are:

° Te numerically summarize the relevant parameters describing
the recorded seismic event.

° To iook at the behavior of the summary parameters for trends
and similarities

. To obtain the values of response parameters in the frequency
domain at zero period

° To obtain a stable input parameter which could be used for a

better description of the recorded event.

It should be noted that even though the values of ap and RMS varies
substantially from one accelerogram to another, the value of the ratio

Kl = g /RMS remains essentially constant.

L.h gtatistics of the Response Parameters

As mentioned in Chapter I, the proper understanding of a givén earth-
quake time history requires a time and frequency domain analysis. 1In
Section 4.3, all the relevant time domain parameters as well as the
frequency domain parameters for zero period are presented. In this
section, the response parameters corresponding to the 97 accelerograms
are evaluated and presented.

The response parameter most widely used by engineers is
the response spectrum value . This value is a good representation of a
~ single degree of freedom system to a given accelerogram. However, it
is not sufficient information. For this reason, a complete analysis of

the response parameters is presented in this section. Figure 4.3 shows
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a typical earthquaeke accelerogram and the responses of a one degree of
freedom system (for given periods and damping). The current procedure
is to look at the largest response peak, corresponding to a given
demping ratio (say 5%) and period (say 0.50 sec and 1.0 sec) of the
vibratory system. The highest response pesks then represent the
response spectrum values corresponding to the period and demping
considered.

In this study, the following parameters are evaluated for each
response time history (acceleration only)

® Number of peaks (NBPK)

°® Duration of the response

] Spectral acceleration response

. RMS of acceleration response

° Mean acceleration response

° Probability distribution function of response accelerations
° Parameters ap defined as the response acceleration of a

given one degree of freedom system subjected to a given
accelerogram and which has probability p of being exceeded.

° Cumulative potential energy per unit mass (ENGY) in the
response time acceleration history

e  The ratio X} = ap/RMS for each response history

®  The ratio K, = RMS® - Tg/(ENGY/NBPK) for each response
history k

For each of the 97 accelerograms, 60 single degree of freedom sys-

tems varying in periods from 0.08 sec to 5.0 sec are considered. The

damping ratio of 5% is kept constant for all the cases. (In fewer
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instances dampings of 10% and 20% are also considered.) Thus, for
each accelerogram, 60 response time histories are analyzed to obtain
the response parameters mentioned above.

The first decision to meke in analyzing the responses concerns
the duration of the response. Surprisingly, no work is available in
the literature defining the duration of the response record. TUnless
a convention (or standard) is used to define the duration, it is not
possible to evaluate parameters such as RMS, NEPK and ENGY. Hence,
it is somewhat arbitrarily decided to terminate the response when the
amplitude of the response acceleration peak reaches 10% of the highest
response peak and does not exceed that value thereafter. This conven-
tion fixes the response duration. Another way of defining this parameter
would be to consider the response duration as a function of input dura-
tion, the period of the oscillator under consideration and the damping
of the system. More research is needed to rationally evaluate this
parameter.

The response parsmeters analyzed are listed for all earthquakes in
Appendix B. They are describes below.

e  NBPFK (Column 2)

This parameter represents the number of zero crossings of the
given response histqry. It is useful in computing the RMS

and the factors K, and K2 described later in this section.

1

° Duration (Column 3)
This paremeter represents the duration of the response in
seconds. It is the time for which the response acceleration

amplitude (for a given oscillator) remains greater than

lO% of the highest response acceleration.
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Spectral response acceleration (Column L)

This parameter is the amplitude of the largest peak of the
response. It corresponds to the widely used acceleration
response spectrum.

RMS (Column 5)

This parameter is a statistical summary of the acceleration
amplitudes at equal time increments (Hald, 1952). For each
period it is computed as

2

— (4.4)

RMS =

where hi = acceleration amplitude at equal time increments

n total number of increments

W

This parameter gives a better statistical description of the
response than the peak values Sa' Being & statistical
summary its variation is less than the variation of the peaks
particularly for short period (T < .2 sec) which are more
susceptible to phase shift as well as subtraction and addi-
tion of waves. Figure 4.l gives to the same scale the
corresponding Sa and RMS spectrum for all the records. The
RMS is used in the determination of factorsKl and K2~
Probability distribution function of acceleration amplitudes.
To understand the varisbility and distribution of the response
acceleration, various probability functions are tried con-
sidering the amplitude values as a random varisble. Here
agein, the gemma distribution shows a somewhat better fit

than the exponential distribution. However for simplicity
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the exponential distribution is used in this study. The
probability distribution function for exponential shape is
given by

£,(a) = 2™ (4-5)

where A = random variable defining the acceleration amplitude

it

a = the values A takes

N = constant of the exponential distribution
It should be pointed out that once the distribution of the
amplitudes is known, any probability statement regarding the

response acceleration can be made. As an example

P(peak emplitude A >a) = f %e_%AdA (4.6)
a

=he.
= e

This information is extensively used in determining ap.
Mean response acceleration (Column 6: )

This parameter is the average of the acceleration through-
out the record. It shows the same stability as the RMS.

It is equal to 1/\ where A is the parameter of the exponentisal
distribution.

8, (Column 7: p = 5%; Column 8: = 10%)

This variable represents the response acceleration which has
a probability p of exceedence for a given acceleration
response (Fig. 4.2).

ENGY (Column 9)

The cumulative potential energy stored at any time in the

spring of the single degree of freedom system is computed
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for the duration of the response. Consider the single
degree of freedom system shown in Figure 4.5. The motion
of the support is known in terms of its acceleration io
(earthquake record) and the quantity of interest is the
relative displacement ¥ = x)- X (Biggs, 1964). The total
energy in the system is equal to the kinetic energy of the
mass plus the potential energy stored in the spring. During
a free motion of this system, the potential energy is at
times stored in the spring. While this energy is stored,
the kinetic energy of the vibrating mass decreases. Thus,
when there is maximum potential energy in the spring, the
kinetic energy of the mass is zero. Conversely, when the

kinetic energy is maximum the potential energy in the spring

X

~

1

X
’—_>O
k
___th\r___
oy
—_—
C

GIOXCX®)

P

[\

FIGURE 4.5. Single Degree of Freedom System.
Mass m Elastically Supported from
~a Moving Foundation with Viscous
Damping
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is zero. At any time one could calculate the kinetic energy
of the mass and the potential energy in the spring. In
addition to the above energy transfer, for a forced vibra-
tion (earthquake motion), there is a continuous addition of
energy from the ground to the vibratory system. In this
process, part of the energy is dissipated in the daghpot.
The amount of dissipation is a function of the damping of
the system. For any time increment At the energy per unit
mass stored in the spring is equal to the relative displace-
ment (4y) multiplied by the absolute acceleration felt in
the spring Ckl). The cumulative potential energy per unit

mess (ENGY) stored in the spring is therefore

<
ENGY = /. Ly %X, , for fy%k >0 (4.7)
all At T 1

It seems that this parameter should be highly correlated
to the damege of the vibratory system. It is also reasonable
to assume that a design based on energy criteria is more
rational than the current peak amplitude based procedure.
The energy parameter is baged explicitly on the accelera-
tion level at each time increment and also on the duration of
the duration of the response.

)=

This ratio is one of the parameters investigated in this

Ratio K, = aP/RMS (Column 10: p = 5%; Column 1l: p= 10%)

study for stable behavior. It can be seen that for all

the records that are analyzed, its value is almost constant.
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Further discussions on this parameter are presented in
Chapter V.

e Ratio K, = RMSE-TQ/(ENGY/N’BPK) (Column 12)
Again, the stable behavior of this parameter prompted this
study to evaluate it for all the available earthquake
records. A detailed discussion will follow in Chapter V.

Both parameters K, (p = 10%) and K, are plotted in Fig. 4.6,

The reason for developing the parameters presented in Appendix B

are:
] To numerically summarize the relevant paremeters describing
the response history
) To look at the behavior of the summary parameters for trends
and similarities
° To obtain a stable input parameter which could be used for a

better description of the response history.
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CHAPTER V

STABLE DESIGN PARAMETERS
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5.1 Introduction

In Chapter IV, 97 earthquake accelerograms were analyzed for

various parameters of possible engineering interest. The analysis of

these accelerograms was conducted in two steps:

Various parameters associated with the recorded ground motion
were first analyzed. This step was necessary to understand
the input characteristic of ground motion for any structural
analysis. This step was also useful in determining the
"zero period" frequency domain response analysis. Numerical
values of the input parameters computed in this study are
presented in Table 4.2.

Parameters associated with the response of a single degree
of freedom system for different periods and dampings were
also obtained. This step was necessary to determine the
variation in response parameters for various recorded ground
motions. Appendix B gives the numerical values of all the

response paremeters of interest in this study.

It was mentioned in Section 1.4.2 that the above analysis was con-

ducted with the following goals in mind:

Develop stable parameters describing the earthquake ground
motion and the response time histories. Currently used
design parameters such as peak ground motion values (acceler-
ation, velocity, displacement) or spectral response values
do not seem to be good predictors of structural performance
or damage potential. This is understandable because, by

definition, the peak values are extremes and hence,
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statistically, they are not good summaries of the overall
behavior.

] Relate the developed stable parameters with the currently
used design parameters. This is an important and desirable
goal.. The current design practice is totally entrenched in
the use of peak values such as PGA for recorded ground motion
and response spectrum for frequency contenti Unless the
newly developed stable parameters‘can be related to these
widely used quantities, their usefulness and engineering
applicability will be very limited.

® Incorporate new stable parameters in the development of
seismic hazard maps. If the potential seigmic hazard for
a region can be described in terms of parameters more stable
than the peak values currently used, a better and more
reliable design strategy can be developed to reduce the
potential seismic risk.

In the following sections, various possible applications and justi-

fications are given for the parameters presented in Chapter IV.

5.2 Duration of the Input Accelerogram and of the Response Time History

As mentioned previously, more research is needed to develop a
standard and meaningful (in engineering terms) definition of duration
both for recorded ground motion and response time histories. In this
work, the record is truncated at the time when the acceleration becomes
and remains smaller than 0.02 G (Table 4.1). Obviously, this is an
arbitrary way of defining the earthquake duration. A better method

would be to look at the rate at which, for a given record, the input
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energy increases with time. Duration could then be defined as the time
during which 90% or 95% of the total energy is transferred. (Trifumac
and Brady, 1975; Dobry, et al., 1977). This definition has the
advantage of disregarding both the beginning and the end of the record.
It should be noted that the value of duration selected affects the RMS
and the total energy. The probebilistic duration maps developed in
Chapter III can be revised and updated if a better definition of the
input duration is developed. In Table 4.2 (column 4), the number of
peaks (NBPK) is directly related to the input duration.

Even though most earthquake engineers are of the opinion that the
damage potential of a given structure increases with an increase in
response duration (for a given response amplitude), no design parameter
explicitly dependent on duration is currently used. 1In this work, the
response is arbitrarily terminated when the response acceleration peak
reaches 104 of the highest response peak and does not exceed that value
thereafter. The numerical values are listed in seconds in Appendix B
(column 3). They are used to calculate the RMS and the cumulative
potential energy of each response. No detailed analysis of the
definition of duration is conducted in this study. However, it can be
seen that the duration of the response is a function of the input
duration, input frequency content, the oscillator natural frequency and
the damping (Fig. 4.3). It is interesting to note that a small spectral
acceleration value could be assoclated with a long duration and hence
large potential energy. Figure 5.1 shows two response parameters,vsa
and ENGY, on a normalized scale such that their shapes can be compared.

Contrarily to sa’ the value of ENGY is a function of duration. It can
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FIGURE 5.1. Sa and ENGY Plotted on Normalized Scale

be seen that in this case for longer period oscillators, the relative
value of ENGY is much larger than the corresponding Sa- It is hoped
that in the future the demage potential could be better correlated with
the duration dependent parameter ENGY than it is today with Sa' More

will be gaid about this parameter in a later section.
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5.5 RMS of the Input Accelerogram and of the Response Time History

As mentioned previously in Chapter IV, peek amplitudes by them~
selves are poor indicators of seismic loading. Probabilistically,
they show great scatter. A better parameter defining the amplitude
of the input ground motion and of the response spectral value is the
root mean square (RMS). Since the RMS is a statistical summary of
many peaks, the scatter of this parameter between two similar events
(same magnitude, same distance) is small compared to the scatter of
peak values. Also, the attenuation relationship for the RMS amplitude
with distance should be more stable (with less scatter) than the
attenuation relationship for pesk values. The values given in Table 4.2
(column 5) are the RMS for the various input accelerograms. They are
also the zero period value of the "RMS response spectrum'”. Values of
the "RMS response spectrum" for the other periods are given in Appendix
B (column 5). Figure 4.4 shows the RMS response spectrum for all the
97 accelerograms considered. On the same plot, the conventional
acceleration spectrum (Sa) is also shown. From these plots, the
following observations can be made.
) The general shape of the RMS acceleration spectrum is similar
to the general shape of the acceleration response spectrum.
() The RMS acceleration spectrum is always smaller than the
acceleration response spectrum
® The shape of the RMS acceleration spectrum is "smoother" than
the shape of the acceleration‘response spectrum. The»RMS
response spectrum represents a statistical summary of all the

response peaks and hence has a lower probabilistic scatter.
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From the above observations, it can be said that a design spectrum
obtained by scaling upward the RMS spectrum (depending on the level of
the acceptable probability of exceedence) will be smoother and will con-
tain more probabilistic information than the acceleration spectrum
used currently.

It is also worthwhile to note that a total design methodology based
on RMS input and response may not be too far-fetched. Thus, hazard maps
could bé developed where probabilistic information on various RMS
amplitude levels could be presented. This could be achieved by develop-
ing RMS amplitude attenuation curves and using them in estimating
ground motion information at the site. Instead of using acceleration,
velocity or displacement response spectra for design, probabilistic
response spectra developed by using RMS response spectra (Fig. L.k4)
and & multiplying factor could be developed. This aspect of develop-

ing probabilistic spectra will be described in the next section.

5.4 Study of the Stable Parameter K,

In Chapter IV, it was shown that for all the input accelerograms
and the response time histories, the shape of the acceleration amplitude
distribution was gamma 0r>exponential. Assuming, for simplicity, that
the exponential distribution is acceptable, the parameter A of the dis-
tribution is given for all cases considered in Appendix II (column 6).
If the assumption of the exponential distribution for the input or
response peaks is vealid, the following derivation can be made.

Figure 5.2 represents schematically the shape of the peak distri-
bution whether they belong to the input accelerogram or to the response

of an oscillator of period T and damping B-
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FIGURE 5.2. Exponential Distribution

The RMS value for this distribution is given by
V2
RMS = > (5.1)

Considering the acceleration gp_which has p% chance of being

exceeded
e‘-)\ap = p
or
1
%ap = anE)
Hence .
1 1
= == — '2
8, =3 m(p) (5-2)
. a
and the ratio K = =2
1~ RMS
()

= —R .
75 (5-3)
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From equation 5.5 it can be seen that the ratio Kl depends only on
p and ig independent of A or the individusl pesgks. Thus, for p = .05,
K, should be 2.12 and for p = 0.10, K, should be 1.653.

The values of K; (p = 0.05 and 0.10) for the input accelerograms
are given in Table 4.2 (columns 9 and 10). It is worth noting that
the values of Kl for p = 0.05 range between 1.33 and 2.5 with a mean
of 2.00 and a standard deviation of 0.2hk. For p = 0.10, the values of
K, range between 1.02 and 1.9 with a mean of 1.54 and a standard
deviation of 0.19. A detalled study of the ratio Kl as a_function of
the input accelerogram, soil condition, distance, magnitude, etec., is

needed. The valuesof K, (p = 0.05 and 0.10) for the response time

1
histories, are given in Appendix B (columns 10 and 11). It is remark-
able to note that for all earthquakes, all periods and all dampings,
this ratio is a constant and very close to the theoretical value
obtained using the exponential distribution (eq. 5.3). Figure 5.3
shows the mean and the standard deviatiqn of K1 versus period for all
the accelerogram responses considered.

If the value of the damping varies from 5% to any other value
such as 10% or 20%, the value of K, does not change appreciably.
Figure 5.4 shows a typical behavior of Ky (p = 0.10) as a function of
damping. This type of Behavior is typical for all the accelerograms
and response time histories. From the numerical results presented in
Chapter IV, in Appendix B and from the above discussions, the following
statements can be made about the ratio K, :

) For a given probability of exceedence, the value of Kl is

very stable.
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The numerical value of this constant varies with the
paremeter p but is independent of

4A) the period of the oscillator

B) the damping

C) . the input accelerogram

Using the exponential assumption, the theoretical value of

K, for p = 0.05 and 0.10 shoulg be 2.12 and 1.63 respectively.
Theoretical and actual values are plotted for comparison in
Figure 5.3.

The remarkable stability of Kl and the relative stability of
RMS can be utilized for deriving response spectra that can

be considered as an "equal probability spectra". The values of
the equal probability spectra have the same probability of
being exceeded for all period bands. In Figures 4.4, the
response spectra for all the accelerograms considered in this
study were presented. These spectra do not have any proba-
bility statement associated with them. Thus development

of response spectra which are associated with a predetermined
level of non-exceedence essentially constitutes a refinement
and an improvement in £he current procedure. If for a given
regionand for a given damping, the shape of RMS versus period
canbe estimated, then using the stable parameter Kl any

probabilistic spectrum can be generated.
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Using

apT = Kl- RMST

where Kl depends on p and is constant for all periods and

dampings

RMST is the RMS corresponding to period T

a_  is the acceleration corresponding to period T and
T

having a probability p of being exceeded.
A response acceleration spectrum can be developed for a
given probability of exceedence P . Figure 5.5 shows
the probabilistic spectra developed from the RMS spectra.

The multiplication factor K, for two values of p is given

1
in Figure 5.3. Thus, the use of Kl can help in elegantly
developing a probabilistic response spectra if the RMS
spectrum is given. It is generally felt by seismologists
and engineering geologists that a "design RMS spectrum"
would be ecasier to obtain for a given region than the
response spectrum. It should be emphasized that much more
work is needed on this particular aspect before the stable

parameter Kl can be used for practical development of

probabilistic spectrum.

5.5 8study of the Stable Parameter K2

In Chapter IV, the cumulative potential energy per unit mass was
defined and numerically calculated for all the response time histories.
Appendix B (column 9)gives the numerical values of this parameter.

In the engineering profession, it is often mentioned that the

damage potential of a structure increases with an increase in seismic
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energy input. Thus, it is quite conceivable that in the future, an
energy based method of design could be developed. At the time of this
writing, no such comprehensive method is available. Also, if one can
develop "energy spectra"”, it would be desirable to relate the'energy
spectra™ to the conventional response spectra. For this purpose,
another stable parameter (K2) is evaluated for all the response time
higtories. . RMSQ- T2
2 = (ENGY/NEPK)
where T is the period of the oscillator
RMS is the RMS of the response
ENGY is the potential energy of the response

NBPK is the number of peak in the response

It is found that the ratio K, is also almost constant for all the
periods of the oscillator, Figures 4.6 show the behavior of this

ratio for all the records considered. Figure 5.6 shows the mean and
the standard deviation of K2 versus period for all the accelerogram
responses considered. It can be seen that this parameter is quite
stable. An in-depth study of this ratio and its practical application
is beyond‘the scope of this study. However, one possible use of this
parameter could be as follows:

For a given “energy spectrum” and the ratio K, , the RMS spectrum
could be obtained. Then using the ratio K1 and the RMS spectrum, a
probabilistic response spectrum can be derived. Thus, with the use of
Kl and Kg, a "mapping” procedure between the currently used parameter
(response spectrum) and a future design parameter (RMS or ENGY) can be

developed.
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CHAPTER VI

SUMMARY , CONCLUSIONS AND RECOMMENDATIONS
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6.1 Sﬁmmary of Present Work

In this report, a Bayesian procedure for seismic hazard
mepping is developed. As a case Study, it is applied to Nicaragua-

The method developed has the advantage of combining, in a rational and
consistent way, all the available historical, seismological and
geological information. This increases the versatility and reliability
of the proposed method especially in cases where the historical data

is scarce or the time period for which historical data is availeble

is short.

The mapping paremeters considered for this study are the peak
ground acceleration (PGA) and the duration of the strong ground motion.
In order to be consistent with the probabilistic approach of the model
and to take into consideration the large scatter for attenuation data
(for the peak ground acceleration and the duration), probabilistic
treatment of the attenuation relationships in the form of coefficient
of variation is presented. A uniform probebility distribution function
is assumed for the PGA and the duration at a given distance and for
e given magnitude.

Comparison between the iso-acceleration maps developed in this
study with previous results (Shah, et al., 1975) is made. It is shown
that for the same data base, the shape of the iso-acceleration lines is
very similar. However, for this study the numerical values of the
expected peak ground accelerations change with the degree of uncertainty
in attenuation equations. No comparative results are available in the
literature. The iso-duration meps are also unique and again no comparable

results are availaeble in the literature.
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developed in this work may help in dissipating some of those
doubts. There are various major faults around the world
where not a single major seismic event has occurred in
historical time. However, these faults are considered
potentially very active. With the previous methods of
developing probabilistic hazard maps, the fault would be
considered inactive leading to incorrect estimate of the
potential hazard. With the Bayesian method presented in

this work, the seismicity of the fault could be realistically
evaluated.

There may be cases where there is no subjective geological
information. In that case, using a diffuse prior and the
historical data, the seismicity of the region can be
estimated.

The explicit use of the probability attenuation relationship
is another new development in the hazard mapping methodology.
Past data on peak ground acceleration or duration,when plotted
against distance, have shown great scatter. Using a single
curve through these scattered points is not realistic. 1In
the method developed here, the scatter in the data is explicitly
incorporated. Thus, the final numerical value of the peak
ground acceleration or duration on the hazard map depends not
only on the seismicity of the region, the probability of
exceedence and the time period for which the maps are drawn,

but also on the uncertainty in the attenuvation laws used.
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] With the available information of the ground motion duration
a hazard map for duration can be developed. Such an "iso-
duration" map could be useful in determining the damage
potential for a given region. Currently, engineers do not
use this parameter explicitly in designing their structures.
However,’it is felt that the duration of the strong motion is
an important parameter. Some combination of the peak ground
acceleration information from the iso-acceleration map with
the duration information from the iso-duration map may increase
the correlation of the estimated damage potential with the
earthquake severity.

From the second part of this study, where a parameter study

of the 97 accelerograms is conducted, the following conclusions can be
drawn:

° For the input accelerograms as well as the response accelera-
tion time histories, the probability distribution function
for the amplitudes is either gemma or exponential. If one assumes
that the exponential shape is adequate, various useful and
practical observations can be made.

. There is no standard definition of a duration of an earth-
quake or of its response even though the importance of this
parameter is widely recognized in’earthquake enéineering.

The definition presented in this dissertation is somewhat
arbitrary. However it is an essential step to evaluate

parameters such as RMS, ENGY, Kl and K2.
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It is shown that the RMS is a better and more stable measure
of earthquake ground motion than the currently used peak
values. This should be expected since the RMS is a statis-
tical summary and takes into account all the peaks and the
durétion of the motion. This is true for either input
accelerograms or for the response time histories. Also, the

uncertainty in RMS is much smaller than the uncertainty in the

1" v

peak values. Hence the RMS response spectrum is much "smoother'
than the conventional response spectrum. This observation has
many practical implications.

Since the peaks of the input or the response time histories
have_an exponential digtribution, the ratio Kl = ap/RMS is &
constant and only depends on the wvalue of p. This is proved
conclusively by analyzing 97 accelerograms. This observation
can be very effectively used for practical applications.

As an example, assume that one wishes to obtain a design
acceleration spectrum which has probability p of being exceeded.
Then, the first step would be to obtain, for the region, an

RMS response spectrum for a given damping. As mentloned
previously, this step should be more reliable and easier than
the current method of obtaining a design response spectrum
shape. Having obtained the RMS response spectrum, the con-
stant Kl for a given p can be used to map the RMS response
spectrum to the design response spectrum with probability p

of exceedence. This is a simple and elegant way of obtaining

a probabilistic design spectrum.
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Since it is also observed that the parameter K2 is a constant
for the 97 accelerograms considered, it can be used to a

great advantage. Any future energy related design methodology
can be correlated to the current response spectra related
design method by the use of Kl and K2. However, it should
confessed at this time that no detailed practical applications
of K2 are presented in this dissertation. The purpose of this
overall study is to explore various different ways of hazard

mapping and data analysis. The practical applications and

possible usage can only be inferred after further research.

6.3 Recommendations for Future Work

During the development of this work, various shortcomings

in definitions and in current usage were observed. In spite of those

shortcomings, some parameters are used based on current practice. TFor

a better utilization of the methodology presented in this study, the

following parameters and ideas need further research.

Sensitivity analysis of the Bayesian model to source location,
seismicity description, type of subjective information and
uncertainty in attenuation relations.

Use of Bayeéian model with no historical data

De#elopment“bf hazard maps for RMS acceleration, velocity and
displacement. This would be a truly useful step towards a
better overall design methodology.

A detailed study of the two stable parameters K. snd K, before

1 2

their practical applications can be assessed.
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. A better definition of the input and response duration 1s a
must. Without a standard and rational definition of duration
one cannot obtain a reliable description of thé earthquake or
its damage potential.

° A be£ter understanding of the energy in input and response
time histories. This may help in developing energy based
design methods,

Before the ideas presented in this dissertation can bé used or
implemented, the above suggested work must be completed. Hopefully, at
that time, a better way of developing design load criteria will be made
available through the application of the work such as the one presented

here.
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LISTING OF EARTHQUAKES
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