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CHAPTER I - INTRODUCTION 

Earthquakes are a manifestation of the earth's geologic development. 

Their occurrence has been a topic of concern to man for thousands of 

years. This led to the development of earthquake engineering which seeks 

to define the expected hazard due to earthquakes and to control and 

reduce the consequences of these events to man's environment. These 

goals entail two central ideas, that of seismic hazard and seismic risk. 

In earthquake engineering these concepts are defined as follows: seismic 

hazard is the "expected occurrence of future seismic events", and seismic 

risk is the "expected consequence to future seismic events." This report 

deals with seismic hazard and the methods by which it is described. 

1.1 ELEMENTS OF SEISMIC HAZARD ANALYSIS 

Seismic hazard analysis is concerned with modeling of earthquake 

occurrences on seismic sources and with defining the distribution of 

seismic intensity in the region surrounding the source. 

The modeling of seismic occurrences has developed considerably in 

the last fifteen years. The probabilistic models that have been used to 

describe the future occurrence of earthquakes are the stationary Poisson 

model, (Cornell, 

model, (Savy, 

1968; 

1979), 

1979). Kiremidjian, 

Shah et al., 1975), 

and Markov chain 

Bayesian techniques 

the nonstationary Poisson 

models, (Vagliente, 1973; 

have also been developed to 

update occurrence and magnitude information, (Benjamin, 1968; Esteva, 

1969; Mortgat, 1976; Campbell, 1977). 
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The second aspect of seismic hazard analysis is that of describing 

the ground shaking intensity given the occurrence of an event. The 

methods employed in this area are strictly empirical, (McGuire, 1974; 

Shah et al., 1975; 1driss, 1978). Seismic intensity models consist of a 

description of the event size, a transmission path model, and a method of 

characterizing ground shaking. Both instrumental and subjective measures 

"of the ground shaking hazard have been employed in seismic hazard 

analysis. 

The complete probabilistic methodology for describing the seismic 

hazard at a site is a convolution of the effects due to all seismic 

sources for a future time period, (Cornell, 1968). The overall 

methodology is given graphically in terms of peak value characterizations 

of the ground shaking intensity in Figure 1.1.1. Similarly Table 1.1.1 

presents a general summary of deterministic and probabilistic methods of 

seismic hazard analysis. 

This report deals with the methods of defining the ground shaking 

hazard for application to seismic hazard analysis. The next section 

reviews the current methods of modeling strong ground motion. 

1.2 MODELING OF STRONG GROUND MOTION 

A critical part of a seismic hazard analysis is the model used to 

describe the ground shaking intensity for an event. Strong ground motion 

due to earthquakes is the result of the dislocation on a fault and the 

propagation of seismic waves through a nonhomogeneous earth. The 

recorded strong motion time history has been considered in the past as a 

sample realization of a random process, (Housner and Jennings, 1964). 

2 
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LOCOF 
NO. OF 
EARTHQUAKES 
>M 

MAQ.llTUOE M 

STEP 2 

RECURRENCE 

STEP 4 

PROBABILITY OF 
NON- EXCEEDENCE 

WITHIN A TIME PERIOD t 

A graphical summary of seismic 
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However, as each earthquake is studied more is learned about strong 

ground motion and the degree of uncertainty associated with it is slowly 

reduced, (Savage, 1966; Aki, 1967, 1968; Heaton and HeImberger, 1977; 

etc.). The state of practice in modeling strong motion for prediction 

has developed along simplified empirical lines. This has been due in 

part to the complicated nature of the process and our level of 

understanding. McCann (1980) has discussed the various empirical methods 

used in attenuation studies. This approach to ground motion modeling has 

a number of drawbacks, which will be discussed in the next section. 

1.3 PROBLEM IDENTIFICATION 

The state of the art in modeling strong ground motion is based on 

simplified techniques and depends completely on observations from past 

earthquakes. Also, the simplest parameters have been used to define the 

intensity of acceleration time histories. These methods are a major part 

of a seismic hazard analysis with virtually all types of hazard analyses 

being based on these techniques, from probabilistic seismic zone mapping, 

(Shah et al., 1975), to deterministic approaches of developing design 

loads. 

The model used to define the propagation of seismic wave energy, the 

magnitude and distance model, makes a number of assumptions about the 

earthquake process. For example, this approach defines seismic events of 

the same Local Richter magnitude to be identical in terms of the mean 

level of ground shaking produced, neglecting the fault type, the dynamics 

of the fault rupture, and the regional transmission path. Similar 

statements can be made about the parameters that have been used to model 
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the intensity of ground shaking. That is, it can also be questioned as 

to whether peak values realistically represent the intensity of ground 

shaking, (Arias, 1970; Housner, 1975; Hanks and Johnson, 1976). 

The improvement of these modeling techniques for use in seismic 

hazard analysis is the subject of this work. The problem to be addressed 

is discussed in the next section. 

I.4 PROBLEM FOCUS 

This research work is concerned with the development of an improved 

methodology for modeling strong ground motion for application in seismic 

hazard analysis. Of interest is the means of modeling the fault rupture 

as well as the propagation of seismic waves in the earth. 

Earthquakes represent .a complicated release of elastic wave energy 

throughout the earth. The variabili~y of simple empirical models to 

realistically predict future strong ground motion accentuates the 

complexity of the problem. The focus of this work is to develop a 

probabilistic model that takes into account the earthquake source and the 

transmission of seismic waves in a practical manner. This work will also 

consider an alternative means of characterizing the intensity of ground 

shaking. The improved seismological understanding of strong ground 

motion in recent years has not yet been incorporated into current 

modeling methods. Therefore the developments in this work will serve as 

a beginning to the improvement of this state of affairs. 

1. 5 _SC_O_P_E _OF _TH_I_S .:.;R::;.;ES::;.;:E::.:;A;;.:.R~C~H 

In this work a method is developed for the probabilistic estimation 
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of strong ground motion. The method is based on an event defined 

according to its size and seismotectonic properties. A major aspect of 

this research will be to take into account the information available for 

estimating future strong ground motion. In carrying out these 

objectives, this research work develops in the following manner. 

A Bayesian model is developed in Chapter II that is designed to 

incorporate the information from empirical studies as well as theore~ical 

seismological models into the estimate of future strong ground motion. 

The methodology presented in this chapter defines what information is 

available and compares it to that used in the current state of practice. 

The normal mode method is the theoretical seismological model 

selected to provide additional input on strong ground motion into the 

Bayeeian model. The method is described in Chapter III for obtaining the 

Fourier transform of acceleration due to a propagating line segment. 

To demonstrate the capability of the normal mode technique to model 

strong motion, the model is used in Chapter IV in a deterministic manner. 

An Imperial Valley earth structure is chosen for which the modal 

characteristics are determined. The model is first used to demonstrate 

the effects of various source parameters on ground motion, after which 

recorded displacement and acceleration motion are modeled for two events 

in this area. 

Chapter V describes the Monte Carlo simulation used to generate 

observations of ground motion acceleration that represent realizations of 

a random fault rupture process. 
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Examples demonstrating the probability model of Chapter II are 

presented in Chapter VI. A sensitivity study is performed to identify 

the effects of the various source parameters on the predicted strong 

motion. 

Chapter VII presents the conclusions of this work and 

recommendations for future research. 
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CHAPTER II - A PROBABILISTIC MODEL FOR GROUND MOTION SPECTRA 

11.1 INTROUCTION 

Probabilistic methods, contrary to a common misconception do not 

provide a decision regardin~ the selection of possible alternatives, but 

are however, a means of information processin~. Decision analysis on the 

other hand is concerned with the problem of making a choice between 

alternatives whose outcome is uncertain. In this chapter a probabilistic 

model is developed which attempts to include available information in 

estimating the ground shaking due to a seismic event. The model is 

founded on the Bayesian view of probability and uses Bayes theorem to 

combine different sources of information. 

The use of Bayesian analvsis in engineering is not new, (Benjamin 

and Cornell, 1970). In seismic hazard analysis in particular, Bayesian 

methods have been used in modeling of earthquake occurrences and event 

sizes, (Benjamin, 1968; Esteva, 1969; Mortgat, 1976; Campbell, 1977; 

Eguchi and Wiggins, 1979). It would aopear that Bayesian models are 

introduced as a method for combining two sources of information. 

Althou~h true, this does not begin to illustrate the concept of 

probability endorsed by Bayes theorem, or its rational approach of 

introducing new information to apriori beliefs. For this reason a review 

of Bayesian probability is presented. 

Section 11.3 begins the study of strong ground motion modeling with 

a review of what is known about the earthquake process, and the methods 

used to model it. The state of practice in stron~ motion modelin~ is 
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then reviewed in a Bayesian context. This serves to define the 

transition from the state of knowledge about earthquake ground motion to 

the simplified models that have become the state of practice in 

earthquake engineering. The result of this review illustrates the need 

to access the other sources of information that are available, but as yet 

not taken into account. 

The remaining sections present a Bayesian model for incorporating 

new information into the estimate of strong motion at a site. To 

implement the model, the root mean square acceleration is used as the 

avenue for carrying out the updating process. The result of the model is 

a probabilistic power spectral density function at the site, due to 

events of a given size. 

11.2 BAYESIAN ANALYSIS - A REVIEW 

This section presents a review of the basic concepts of Bayesian 

analysis. It will outline the Bayesian or subjective 

probability, as opposed to the once very strongly held 

view of 

frequency 

definition. Although for many years controversial, Bayesian probability 

makes the formation of inferences from, data straight forward and allows 

the consideration of problems that would be otherwise untouchable. It 

should become clear to the reader that the true contribution of Bayes is 

not expressed in the simple equation that bears his name, but rather in 

the concept of probability being endorsed. In words, what Bayes theorem 

does is to describe the way in which we learn from our experiences, 

making clear the fact that probability assignments define one's degree of 

belief, and are always conditional on the state of information. 

10 



11.2.1 HISTORICAL REVIEW 

For many centuries the definition of probability was centered around 

the concept of relative frequency. The probability of an event was 

defined to be the relative number of occurrences of an event in a 

sequence of trials. This view was held by statisticians to be the 

meaning of probability. Even to the beginning of this century this was 

the most commonly held definition. Statistics developed under this 

"frequentist" concept, but problems existed and there were matters that 

could not be properly addressed under this theory. As a result, other 

schools of thought developed hoping to bridge the gap left by the 

frequentist approach. Of these, the Bayesian or subjective school has 

taken the leading role in the present day advancement in probability 

theory, particularly with respect to applications in business, science 

and engineering. The subjective view defines probability as the degree 

of belief that the event of interest will take place. Subjective 

probability, or personal probability as it is sometimes called, (Savage, 

1961), is the view associated with Bayes theorem. 

In 1763 an essay by the Reverend Thomas Bayes was published two 

years after his death. The essay presented for the first time what is 

known as Bayes theorem. A simple mathematical fact based on the 

fundamentals of probability, this theorem introduced a revolutionary 

concept in probability theory. However, the suggestion that subjective 

input is incorporated in a probability statement seemed to oppose all 

goals of objectivity bein~ sought in statistics. Thus, for many years 

this view was rejected. Statisticians simply refused to consider what it 

actually meant. Not until the early twentieth century was an effort made 

11 



to understand what Bayes theorem and subjective probability had to offer. 

The early investigators into subjective probability were De Finetti 

(1951), Good (1965), and Savage (1961),(1962), among others. 

1I.2.2 BAYES THEOREM 

Bayes theorem is a Simple mathematical statement of the way in which 

we learn from new experiences. To illustrate the derivation of Bayes 

theorem, consider two events, A and B. From the conditional p!"ohabili.ty 

theorem, the probability of event B occurring, given that event A has 

taken place, is denoted p[BIA], and is defined as, 

p[BIA] 
P [B n A] 

P [A] 
(II. 2.1) 

where AnB is read, A intersection B, meaning A and B occur at the same 

time. It should be clear that, p[BnA] = p[AnB], thus p[AnB] can be 

rewritten, 

p[AIB] P[B] 

Substituting this result into eq. (II.2.1), 

p[BIA] 
p[AIB] P[B] 

P[A] 

(11.2.2) 

(II.2.3) 

Eq. (II.2.3) is known as Bayes theorem and an uncontested result of the 
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fundamental theories of probability. In words, eq. 

expressed in the following manner, 

P[hypothesisldata] 

where the terms 

P[datalhypothesis] P[hypothesis] 
P[data] 

in eq. are defined 

(11.2.3) can be 

(11.2.4) 

as follows; 

P[hypothesisldata] is known as the posterior or updated probability, in 

this case on event B, given the new information that event A has 

occurred. P[hypothesis] is defined simply as the apriori probability 

that the hypothesis is true, or in this case that event B will OCcur. 

P[datalhypothesis] expresses the likelihood that the data would be 

observed given that the hypothesis is true, or in the present example, 

this can be stated as the probability of event A occuring given that 

event B has occurred. P[data] is essentially a normalizing constant as 

was P[A] in eq. (11.2.1). The controversy over Bayes theorem lies with 

the prior probability, P[B]. 

The prior probability on the occurrence of an event may range from 

total ignorance, to a belief that the event will certainly occur. What 

Bayes theorem suggests is that apriori probabilities represent the 

information at hand before the data are available. The apriori 

information may be a purely subjective opinion about the event, or it may 

be the result from a previous experiment. The slightest suggestion that 

subjective input be permitted into a field where total objectivity is the 

goal was considered preposterous by statisticians. The concept of 

subjective probability however, was not the only problem. If one were to 
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accept this idea, the question would soon be raised as to how p~obability 

is defined. Certainly it could no longer be defined in a relative 

frequency sense, since the weight of ones' opinions cannot be counted 

like the number of heads in a coin tossing experiment. These pitfalls 

led to the virtual banishment of Bayes theorem from application and 

research in the years following its publication. There were sho~t lived 

comebacks, but not until the earlv part of this century did a serious 

effo~t sustain itself in the study of Bayes theorem. This rebirth has 

continued to the present, extending into many fields of research and 

application. 

The view of probability associated with Bayes theorem can be 

explained in the following way. A probability is the measure of one's 

state of information about something. The actual numerical measure is 

the encoding of this state of information, (Tribus, 1969; Jaynes, 1958; 

Howard, 1968). This definition recognizes all forms of information, from 

purely subjective opinion to "objective" data. The first and most 

important step before applying Bayes' probability theory, is to 

understand this concept of probability. Once this transition has been 

made, the understanding and use of Bayes theorem is straightforward. 

One of the important elements in employing Bayesian probability is 

the methodology that results. It is a rational and consistent means of 

taking into account new information in the development of updated or 

refined probability assignments. Quite simply, Bayes theorem describes 

the development of updated opinions based on recent information. Jaynes 

(1958) points out that very often in science the key to a problem is not 

a new mathematical tool but rather a new viewpoint, a new way of 
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reasoning. In fact, Jaynes makes this statement while discussing his own 

development in the area of statistical mechanics. Indeed this has been 

the case in probability theory as well. As demonstrated previously, the 

mathematical tools for deriving Bayes theorem were available, namely 

conditional probability. The breakthrough by Bayes was not in deriving 

an equation but in the definition of probability he presented. Therefore 

to summarize Bayesian analysis is to present what has developed as a 

result of this new viewpoint. 

are now summarized. 

The basic concepts of Bayesian analysis 

Bayesian probability is consistent with the fundamental theorems of 

probability, and therefore if more than one method of solving a problem 

is available, both methods should give the same result. Another 

important aspect of Bayesian analysis is that of updating current 

probabilities given new information. This implies that each source of 

information made available, be used in its entirety in developing a 

probability statement. If this is not the case, then the posterior 

probability statement will be inconsistent or incomplete, (Jaynes, 1958; 

Savage, 1961). Bayesian analYsis does not replace or improve what have 

been the fundamentals of probability theory, but instead enhances its 

realm of application. What it does do in all instances is impart a 

consistent and rational method to probabilistic analysis. Finally, this 

methodology does not replace the fact that an infinite sample of the 

variable of interest will give the best estimate of the parameters of a 

distribution. 
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II. 3 A REVIEW OF THE STATE OF INFORt:1~TION !"Qf! MODELING 

EARTHQUAKE STRONG GROUND MOTION 

This section presents a review of the information that is available 

on strong ground motion. As discussed in the previous sections, 

probability assignments are merely the encoding of the state of 

information. Consequently, this represents a major part in the 

development of a Bayesian probability model, the assessing of available 

information on the event of interest. Th~"\ section will review the 

sources of information on strong ground motion, both empirical and 

theoretical, and form the basis for a review of ground motion 

modeling from a Bayesian perspective. This leads to the development of a 

probability model for estimating strong ground motion. 

II. 3.1 THE EARTHQUAKE PROCESS 

An earthquake can be defined as the complex release of elastic 

strain energy in the form of seismic waves. In this section a summary is 

presented of the state of knowledge of those characteritics of the 

earthquake process that are believed, through theoretical understanding 

and observation, to have first order effects on strong ground motion. 

This summary will refer to many works that have observed a given effect 

or have demonstrated its potential importance in theoretical studies. 

This will not be an indepth coverage, but by reference and a simple 

review, the current understanding of the earthquake process will be 

summarized. 

Figure 11.3.1 presents an example of a typical source site 

arrangement from a crossection view of the earth. With the aid of this 
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figure the basic understanding of the earthquake process is presented. 

An earthquake can be considered in two parts, the source and the 

transmission path. Figure 11.3.1 shows an earth structure whose 

properties vary laterally and with depth. The earthquake hypocenter and 

epicenter are shown for a particular fault with different slip 

directions. Below the figure are listed three categories, source 

effects, transmission path and local site conditions. For each group, a 

summary of its major characteristics are given. 

Starting with the seismic source, dislocation theory requires that 

the shear dislocation on the fault be described as a function of space 

and time, (de Hoop , 1958) • This is of course impossible to predict 

beforehand or to derive for a past event. Therefore the source 

dislocation is usually described by other parameters such as seismic 

moment and average values of stress drop, dislocation, rupture velocity, 

etc. (Haskell, 1964; Aki, 1966; etc.). Below the entry for the 

dislocation function, Do(x,y,z,t), other characteristics commonly used to 

define the earthquake source are given. References are listed for each 

parameter, where the effect on ground motion has been demonstrated. 

Identifying the earthquake source and the details that define it, in 

effect emphasizes the obvious fact that the forcing function in a 

vibrations problem is of first order importance. 

The next category is the transmission path traveled by seismic 

waves, which can be described completely by the earth structure. This 

accounts for the mechanical properties of the material, as well as 

geologic structures. As shown in Figure 11.3.1 the mechanical properties 

are defined 1n terms of the seismic wave velocity and density 
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distribution as a function of depth. The i.mportance of the transmission 

path on the waveform produced at a site cannot be over emphasized. The 

fact that the fundamental dynamic characteristics of a system are an 

integral part of what determines the response, does not require a 

detailed discussion. However the degree to which this has been neglected 

in ground motion studies requires its emphasis. The impo~tance of the 

transmission path has been pointed out in many studies and will be 

demonstrated later in this work. 

The local site conditions are often identified as a separate 

category when in fact it is merely the final part of the transmission 

path. Therefore in this discussion the local conditions refer to 

soil-structure effects that determine the input motion to a structure. 

The filtering effect of structure imbedment has been observed and studied 

analytically. 

In summary, this section has graphically and by reference attempted 

to identify the basic parts of the earthquake process that are recognized 

to playa major role in generating stron~ ground motion. The sections to 

follow briefly discuss empirical and theoretical modeling of the 

earthquake process. It should be noted that no attempt was made in this 

section to quantify these factors, but rather by a general coverage to 

demonstrate apriori to the prediction of future ground motion, what is 

known. 

EMPIRICAL METHODS 

This section addresses empirical techniques of modeling ground 

motion intensity. This review will describe that part of the available 
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information on earthquake ground motion that is incorporated in empirical 

models. The discussion will be concerned with instrumentally recorded 

measures of earthquake intensity. 

Empirical models consist of three main parts: a measure of the size 

of the earthquake that produces the observed motion, the parameter(s) 

describing the ground shaking intensity, and a transmission path model. 

The earliest work in this area began with simple models to describe what 

has come to be known as the attenuation of strong ground motion. The 

general form of these models has not changed appreciably, and can be 

expressed in the following manner, 

ground motion parameter f(M,d,c.) 
1 

(11.3.1) 

The ground motion parameter is defined as a function of earthquake 

magnitude M, distance d, and other parameters c i ' such as local soil 

condition, or higher order functions of magnitude. A large percentage of 

attenuation models are functions of magnitude and distance only, (1driss, 

1978). A common functional form for eQ. (11.3.1) is, 

iny A + B M + Cg(d) + fl(x.) 
1 

(11.3.2) 

where tn is the logarithm, y denotes the strong motion parameter and A, 

B, and C are constants derived from a statistical analysis of strong 

motion data. The term f'(x) may be a binary or other function dependent 
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on subsurface conditions, (Trifunac and Brady, 1975). The function g(d) 

defines the distance dependence and is often of the form ~n (d). This 

function has been allowed to take many other forms in order to model 

attenuation of ground motion intensity. Idriss (1978) presents a summary 

of a number of works and the functional forms they used. 

In a comprehensive review of the methods of modeling earthquake 

ground motion, Idriss (1978) addressed many of the features of the 

earthquake process presented in the previous section. In his review, the 

importance of other factors, besides magnitude and distance were 

recognized, as was the potential of other means of characterizing strong 

ground motion. However, based on available data, there is an 

insufficient statistical base upon which well founded conclusions on the 

influence of these parameters can be made. Therefore, what was a 

fundamental understanding of the earthquake process, has been reduced to 

the conceptual model in eq. (II.3.1), and the common functional form of 

eq. (11.3.2). The drawbacks of this model are clear. This is not to 

imply that empirical models do not provide any insight into ground motion 

attenuation, indeed they are very informative. To abandon such efforts 

would be to ignore the only real link to the earthquake process. In 

terms of those parameters being used to model the process, a great deal 

has been discovered, (Hanks and Johnson, 1916; Boore et al., 1978; etc.). 

However, these methods should be assessed based on the current 

understanding andlor beliefs as expressed in section 11.3.1. 

To summarize the information as processed through empirical modeling 

techniques, the following general observations are made. The available 

data of strong earthquake ground motion represents a sparse sampling of 
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the multi-dimensional earthquake process. As evident from the parameters 

used in empirical studies, the most reliable information is available for 

magnitude, distance, and local site conditions. Even for these factors, 

the amount of data is far from sufficient. In essence what is taking 

place is a form of aliasing in the parameter domains of magnitude, 

distance, and soil condition, and a spatial averaging of the effects due 

to other parameters. Therefore conclusions or statements concerning 

ground motion attenuation are in fact general statements related only to 

the parameters sampled and represent an averaging of the other factors 

not considered. For example, the radiation pattern effect is never 

considered in strong ground motion studies. 

based on magnitude and distance, result in 

due to source radiation. Similarly, this 

an 

Therefore attenuation laws 

averaging of the effects 

can be said of the other 

properties not considered. For the parameters that are investigated a 

spatial aliasing occurs, since in no instance does sufficient data exist. 

Figure II.3.2 presents the view of seismic attenuation as accounted 

for by empirical models. This states that earthquakes of the same 

magnitude, and recorded at the same distance from the source on an 

alluvial, stiff, or rock site, produce the same average intensity. It 

should be pointed out that recent models do consider the uncertainty 

about the mean, (McGuire, 1974). However, this uncertainty is due in 

part to the aliasing effect as well as the statistical uncertainty. This 

type of modeling is not consistent with what is understood about the 

earthquake process. 
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11.3.3 THEORETICAL MODELING OF SEISMIC EVENTS 

Keeping in mind that the reviews presented in this and the previous 

section are for the purpose of demonstratin~ the degree to which 

available information on stron~ ground motion is used, theoretical 

modeling techniques are considered next. Two types of seismological 

modeling or analysis tools are of interest in this work; seismic spectrum 

scaling laws and time domain waveform modelin~ based on dislocation 

theory. 

The use of seismic spectrum scaling laws was discussed by McCann 

(1980). In addition to that discussion, it is stated that scaling law 

relationships provide one method of obtaining a set of static, average 

measures or summaries of a seismic event. For major events this type of 

analysis is usually carried out, (Kanamori and Anderson, 1975). The data 

used in these studies are usually teleseismic or other data bases and 

therefore estimates of source parameters independent of the strong motion 

data can be obtained. 

The second form of modeling used in seismolo~y is the use of wave 

the methods 

(Heaton and 

Saito, 1972; 

(Archuleta and 

propagation models and shear dislocation theory. A few of 

commonly adopted are the generalized ray technique, 

Helmberger, 1978), the normal mode method, (Takeuchi and 

Swanger and Boore, 1978), the finite element method, 

Frazier, 1978), etc. These models have been used to understand the 

dynamics of fault rupture and wave propagation in the earth. They have 

the demonstrated capability to reproduce observed strong motion 

displacements, (Heaton and HeImberger, 1978; Swan~er and Boore, 1978; 

Archuleta, 1979; etc.). Modeling past events also provides estimates of 

source parameters such as seismic moment, average stress drop, fault 
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rupture dimensions, rupture velocities, dislocation rise times, etc. For 

a major, well instrumented earthquake, a number of investigative teams 

employing different techniques will study the recorded ground motion. 

Consequently the parameters of the event become "reasonably" well 

constrained. In general, estimates of seismic moment will be determined 

to within a factor of two or better, and similarly for stress drop, 

(Wyss, 1977). The estimates of source parameters depends very much on 

the degree of strong motion instrumentation and scientific interest in 

the event. For example, large earthquakes along the Aluetian Trench are 

not given the attention that similar sized events in the Imperial Valley 

get. However, for those events for which there is overwhelming interest 

and more importantly adequate instrumentation, excellent understanding of 

the earthquake can be attained. The 1971 San Fernando earthquake has 

been studied for many years, and the recent Imperial Valley earthquake 

may be one of the finest instrumented events and therefore is being 

studied by a number of investigators using different data sets and 

methods, (Kanamori, 1980; Archuleta and Sharpe, 1980). 

The point of this discussion is to present the fact that through the 

many sources of available ground motion data and the different methods of 

analYSiS, information about earthquake dynamics is available. This 

information extends considerably beyond the magnitude, distance, and peak 

value summaries which are standard in earthquake engineering. Kanamori 

and Anderson (1975) and Geller (1976) for example have summarized, for a 

number of world wide events, some of the standard seismological 

parameters derived from scaling law relations and dynamic source models. 

At the present time, in only a few cases are the parameters of events 
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well constrained. The basic reason being insufficient instrumentation, 

thus limiting the ability to constrain model solutions. 

II. 3.4 BAYESIAN REVIEW OF THE STATE OF THE ART - -- --- -- -- --
OF MODELING STRONG GROUND MOTION 

In view of the uncertainties in trying to model future strong ground 

motion it is of no surprise that probabilistic methods are used. As 

pointed out in the previous sections, empirical and theoretical methods 

of modeling strong ground motion are blanketed in a veil of uncertainty 

and inadequate information. Thus the development of probabilistic models 

was a natural course. A fundamental aspect of modeling strong motion is 

the fact that the set of strong motion records does not represent a 

complete or sufficient ensemble of realizations of the earthquake 

process. Therefore, a basic belief of seismologists and engineers is 

that levels of ground shaking intensity higher than those that have been 

observed to date are possible even though such motion has not been 

recorded. The assigning of non-zero probabilities based on few or no 

observations of ground motion implies a definition of probabilitv other 

than the relative frequency concept. The differences in the definition 

of probability were discussed in the section on Bayesian analysis. Here 

the intent is to take a Bayesian view of what has transpired in ground 

motion modeling to produce the state of practice. 

Engineers by the nature of their profession are Bayesian. Their job 

calls for the application of physical laws, often on the basis of too 

little information. Invariably, "engineering judgement" comes into play, 

representing the engineer's degree of belief in a particular outcome. 
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This judgement, combined in some way with the available data, leads to a 

decision. Formally this is Bayesian analysis, and "engineering 

judgement" is the engineers subjective probability or apriori 

information. It was suggested in section 11.2 that the introduction of 

Bayesian probability was not represented by the simple equation known as 

Bayes theorem, but by the philosophy of reasoning and analyzing uncertain 

information. This same approach is taken here. That is, the discussion 

to follow will develop an interpretation of the state of practice in 

modeling strong ground motion. It should be noted that modeling as 

referred to here, means the methods applied in earthquake engineering, 

thus the use of the term state of practice. It is the improvement of 

these methods to which this work is addressed. 

Section II.3.1 covered briefly, current understandings of the 

earthquake process. These have been developed from observation and 

theory, and were summarized in Figure 11.3.1. This represents apriori to 

modeling of future ground motion, the available information. 

From section 11.3.2 two ideas or concepts were presented. The first 

being the type of empirical models used to predict earthquake ground 

shaking, and second, the fact that empirical models are the only ones 

used in seismic hazard analysis. Section 11.3.3 summarized the fact that 

seismologists, through various theoretical techniques, derive information 

about the earthquake process beyond the standard observed or derived 

parameters used in engineering applications. 

In the process of adopting empirical models, a tremendous transition 

has taken place between what is understood about the earthquake process 
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(Figure 11.3.1) and how the earthquake is modeled in seismic hazard 

analysis, (Figure 11.3.2). 

transition. 

This section attempts to interpret this 

To proceed with this review, the seismic hazard problem is defined 

in the following way. A particular site is defined, for which the future 

ground shaking hazard is to be assessed. This information defines the 

tectonic and geologic 

parameter to define the 

environment and the particular hazard. The 

ground shaking hazard is left undefined so that 

the discussion can remain general. This discussion is refined fu~ther, 

by considering a single event of a given size. The problem is reduced to 

one of estimating the ground shaking hazard for a given seismic event. 

The complete seismic hazard is derived by applying the total probability 

theorem for all event sizes. 

To solve this problem, the seismic hazard analyst must define what 

is given, determine its degree of importance, and quantify these factors 

to develop the estimate of strong ground motion. Before the model is 

developed, the analyst recognizes that the size of the earthquake and the 

type of event playa role in defining the expected motion. Similarly, 

since the geology of the region is known, and fundamental wave 

propagation theory would predict that the medium of transmission is 

important in the estimated response, the analyst feels that this should 

also be viewed as relevant input. It is assumed that the analyst's 

understanding of the seismic event, prior to the hazard analysis, is 

summarized by Figure 11.3.1. The problem, it is recalled, is to estimate 

the strong motion due to the defined event, in terms that have been left 

open for this discussion. An apriori or subjective probability statement 
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will simply be the encoding of this initial information about the 

expected ground motion. 

Based on the understanding of the earthquake as presented in section 

11.3.1, the analyst makes an implied probability assignment. That is, 

for the problem at hand some method of describing ground motion intensity 

must be developed. The analyst proceeds to ask what can be said about 

the expected ground 

Based only on the 

difficult indeed to 

shaking given his particular apriori knowledge. 

understanding of Figure 11.3.1 it would be very 

define a probability distribution on the ground 

shaking parameter. To realize this, two fundamental questions can be 

asked. What is the expected value of ground shaking intensity, and 

second, how does the distribution vary about the mean. Keep in mind 

that the response to these questions is based on the information in 

Figure 11.3.1 and not on any form of analysis, empirical or otherwise. 

Possibly an estimate of the mean value could be made, but around the mean 

the distribution would change slowly, and the result will be a 

probability density function that has considerable variation, (Savage, 

1961). The result of this exercise of encoding the state of prior 

information, is shown in Figure 11.3.3, where the prior probability 

density function is denoted f'(x), for a general ground motion parameter 

x. The actual process of encoding prior probabilities is an interesting 

and complex SUbject. The mechanics of this is not covered in this work 

and the reader is referred to studies in this specific area, (Morris, 

1971). 

Recognizing the wide variation in this estimate, the hazard analyst 

looks to observations of similar processes to help improve the 
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probability assignment on the expected ground motion. Statistical 

x 

-

-
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a ground motion parameter x. 

analyses of strong motion data are performed, and an empirical model is 

developed, as described in section II.3.2. This analysis provides a 

probability statement on the ground motion parameter for an event of the 

same size and at a distance equal to that for the site being studied. 

Bayes theorem is applied to combine the apriori probability, f'(x), and 

the data based information. The data based probability assignment is 

denoted L(x) and is called the likelihood function. Applying Bayes 

theorem, 

fll(x) N L(x) f' (x) (II. 3.3) 

where f"(x) is the posterior or updated probability density function on 
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the ground motion parameter x. It represents the analysts prior 

information, flex), and the results of empirical attenuation studies, 

-I 
I 
L 

Figure II. 3.4 
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L(x). The result of this analysis is shown graphically in Figure 11.3.4. 

Recalling that the priori probability was very vague (had a wide 

distribution), the result of the analysis is dominated by L(x). 

Distributions of this type are called diffuse priors, (Benjamin and 

Cornell, 1970), and f"(x) is known as a data based posterior 

distribution. 

What is accomplished by this exercise? Why go through this detail 

when the result is based solely on the data anyway? The reasons are 

many, and lie at the heart of Bayesian analysis. Every probability 

statement is based on any and all available information, regardless of 
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how vague, or whether it is derived from the observations of an 

experiment or from personal opinion. Therefore, defining a prior 

probability function sets in motion the information processing, and the 

evaluation of alternatives. Savage (1961) goes as far as to say that the 

encoding of prior information requires an honest evaluation of what is 

known and the degree of belief in this knowled~e. Secondly, it results 

in a defined realm of what is consirtered likely to occur by the analyst, 

and begins a consistent approach to the problem. Note that an engineer 

or scientist will always have a personal bias about what results are 

expected. In discussing this subject, Savage (1961) recognizes the 

difficulty in defining what our apriori understandings and expectations 

are. As pointed out earlier, Bayesian probability requires that all 

information be made available, or the resulting probability statement 

will be incomplete. It is apparent from the strong motion modeling 

techniques in current use that the likelihood function, L(x), is based on 

a limited description of the seismic event, in view of what seismologists 

have learned from this same data set. 

To summarize the Bayesian review of the state of practice, the 

following comments can be made. First, current methods of predicting 

ground motion are in fact posterior probability estimates of the ground 

shaking hazard. Having defined what is known about the earthquake 

process, it is recognized that current methods represent an incomplete 

description of the seismic intensity. That is, for the earthquakes 

observed to date, the magniturte, distance, and peak value attenuation 

relations do not represent a statement based on a complete use of all the 

information derived from this data base. This will be referred to as the 
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stage I Bayesian analysis. The sections to follow develop a method to 

include all sources of information into the state of practice. 

11.4 A PROBABILITY MODEL FOR STRONG GROUND MOTION - ----- ---

In this section a method is developed that provides a probabilistic 

power spectral density at a site. The method is a Bayesian approach to 

updating ground motion estimates as obtained from current empirical 

methods. The model is founded on the discussion in the previous sections 

that define the earthquake process and the current state of practice. 

The Bayesian model developed here is unlike typical applications of Bayes 

theorem. That is, Bayes theorem is used in this work to update the 

estimate of ground motion at a site based in part on the data base used 

during the stage I analysis. However, much of the information which has 

been derived from this data base, (section 11.3.3), has not been 

utilized. This is due to the recentness of these findings and the 

tendency for change heing slow. Therefore instead of applying Bayes 

theorem in series with previous results, in which new and independent 

information is incorporated, a different viewpoint is required. The 

methodology presented here employs Bayes theorem in a parrallel sense, 

from an information processing point of view. To summarize this idea, 

Figure 11.4.1 presents a diagram of the information flow. 

The objectives of this model are twofold. The first is to present a 

model that in an information processing sense will provide a probability 

statement based on the complete set of available information. Secondly, 

sufficient apriori information exists that would indicate that some of 

the parameters of the earthquake process not taken into account have 
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first order effects on the ground motion and in given circumstances will 

greatly effect the ground motion prediction. The model to be used will 

allow for this possibility. 

11.4.1 ! BAYESIAN APPROACH TO GROUND MOTION MODELING 

In Bayesian analysis, new information about a process is usually 

derived from an experiment or a new set of observations. In the present 

case, the strong motion data base represents the only observations of 

earthquake ground motion. The number of observations is quite limited in 

view of the complexity of the process. Ideally, additional samples of 

the process would allow a more thorough statistical analysis to be 

performed taking into account each parameter of the earthquake. Clearly, 

earthquakes cannot be repeated, or triggered at will so as to collect 

additional data. The solution proposed here to the problem of acquiring 

additional observations involves performing numerical experiments of the 

earthquake process. A mathematical model of the earthquake source and 

propagation path are used that employs as part of its input, the 

information which is available but not yet incorporated into the estimate 

of ground motion. The observations 

stochastic rupture model from a Monte 

of the process are generated for a 

Carlo simulation. The simulation 

generates observations of the earthquake defined in the current problem, 

(see section 11.3). 

This proposed solution can be stated as follows. For the situation 

described, current modeling procedures will predict the expected ground 

motion based solely on the magnitude of the event, and the source-site 

distance. The review presented in section 11.3 showed that parameters of 
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the process other than magnitude and distance are important, and that not 

including these factors results in an incomplete probability assessment. 

Therefore, since a very limited strong motion data base restricts further 

statistical analysis, the solution proposed is to generate a data set for 

the present set of circumstances. A simulation provides an ensemble of 

realizations of strong motion recordings at the site. From this data 

base, a likelihood function on the ground motion parameter can be 

generated. Employing Bayes theorem, this additional information can be 

combined with the previous probability assignment. This second 

application of Bayes theorem constitutes an incorporation of the factors 

of recognized importance, which to date have been neglected. 

To summarize the basic concept, a model is developed to incorporate 

in a realistic manner information about the earthquake source and 

transmission media in the estimate of strong ground motion. Due to the 

limited number of observations of earthquake ground motion, empirical 

modeling techniques consider a minimum number of parameters of the 

earthquake process. Using a mathematical model, observations of the 

process can be generated by a Monte Carlo simulation for a stochastic 

fault rupture. From these realizations a likelihood function on the 

ground motion parameter is derived and combined with the posterior 

distribution of the stage I analysis bV Bayes theorem. This second 

application of Bayes theorem will be referred to as the stage II 

analysis. The next section discusses how this concept is carried out. 

11.4.2 ! PROBABILISTIC ~ODEL FOR GROUND MOTION SPECTRA 

The previous section outlined the development of a model for 
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updating ground motion predictions using Bayes theorem. In this section 

a specific approach will be taken that uses the root mean square 

acceleration as the ground motion parameter. Exploiting its dual role as 

a time domain as well as a frequency domain summary, the root mean square 

is used as a spectral intensity measure. An appropriate theoretical 

model is used to model the propagation of seismic waves from the 

earthquake source. The result of carrying out the proposed model will be 

a probabilistic power spectrum at the site. Recall that this discussion 

is carried out, given that a seismic event has occurred and is specified 

in the manner of a standard seismic hazard analysis, by event size, 

earthquake fault and site location, (Mortgat, 1976). 

McCann (1980) studied the root mean square acceleration and duration 

as an alternative means of characterizing strong ground motion. The 

basic theoretical properties of the rms made it an attractive parameter 

to employ in ground motion studies. One of the results of that study 

were attenuation relations for rms acceleration. That analysis 

corresponds to the stage I analysis discussed in this chapter. 

Before proceeding, it is important to define the random variable of 

interest and what the uncertain parameter(s) are. The random variable is 

the rms acceleration at a site, which is some distance r from the source. 

It is assumed in this work that the mean rms acceleration, ~, is the 

unknown parameter and that the variance, 0 2 , is known and determined from 

the stage I analysis. The Bayesian method considers the parameter(s) of 

a distribution to be random, (Benjamin and Cornell, 1970), and therefore 

the analysis is 

value at the 

carried out to update the distribution on the mean rms 

site. The probability density function on the rms 

37 



acceleration is conditional on knowledge of the mean and is denoted 

f(rl~). Having defined the random variable and the uncertain parameter, 

the stage I analysis is summarized as follows, fi(~) is the prior 

probability density function on the mean rms acceleration with a mean and 

variance denoted ~i and 0',2 
1 • The likelihood function is L1(xl~) with 

mean m and variance 2 The posterior distribution is fll (~) with sl' mean 
1 

and variance denoted 11 i d "2 an °1 , respectively. The variance of the 

process, which is assumed known, and determined from the stage I analysis 

is denoted cl. 

Having defined the random variable and its distribution, the 

Bayesian analysis proceeds as follows. The posterior from stage I, 

serves as the prior distribution for the second stage analysis. That is, 

fi(~) 1s equal to f2(~)' where f2(~) is the prior information on the mean 

rms upon entering stage II. The parameters of the prior are also renamed 

To update this information, it was suggested that an appropriate 

mathematical model be used to generate additional observations of the 

process. A model is chosen that has the capability to consider the 

dynamio characteristics of the earthquake souroe, as well as the 

properties of the transmission path of the region. The theoretical model 

to be used in this study is discussed in Chapter III. 

Although excellent models are available for modeling strong ground 

motion, the problem of prediction is quite another story. The details of 

the fault rupture are not known beforehand. However, information is 

available on the possible values the parameters of the rupture process 
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may take on, (Kanamori and Anderson, 1975; Geller, 1976; Seth, 1979). 

Therefore the rupture on a fault is considered a stochastic process, 

(Boore and Joyner, 1978; Savy, 1978), with the parameters of the source 

as random. 

For each simulation of fault rupture, the theoretical model will 

generate a power spectral density at the site. At the end of the 

simulation an ensemble of power spectra is obtained. Recalling the 

frequency domain definition of the root mean square, realizations of the 

rms acceleration are also determined. For the ith simulation the rms 

acceleration is, 

rms. 
1. 

where f max is the maximum 

( 2nf ) f max I 0 G(w)i 
(II.4.1) 

frequency in the 

one-sided power spectral density realized 

spectrum, and G{w)i is the 

as a result of the ith 

simulation. From the ensemble of rms values, the likelihood function on 

the mean rms acceleration is determined. This is denoted 

L2(zl~) and is the likelihood of observing the sample z, given the true 

value of ~. 

Also from the simulation, an ensemble of spectral shapes is 

observed. For the ith simulation, the spectrum shape is defined as, 

N(w) . 
1. 

1 2 G(w). 
(rms.) 1. 

1. 
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Similarly, the probability distribution on spectral shape can be 

determined, and is denoted, f(N(W
j
». N(w), the spectral shape function, 

has unit area and can be considered as the distribution of the mean 

square acceleration as a function of frequency. 

Having developed the likelihood function on the mean rms value, this 

new information is combined with the prior distribution on the mean rms 

through Bayes theorem. The posterior probability density function on the 

mean becomes, 

fll(V) 
2 

(II.4.3) 

This is shown graphically in Figure 11.4.2. The posterior distribution 

on the mean is the result of incorporating the available information on 

strong ground motion. 

Recalling that the original distribution on the rms acceleration was 

conditional on knowledge of the mean value, f(rlv), applying the total 

probability theorem, the unconditional distribution on rms acceleration, 

f(r), is derived. This is shown in eq. (11.4.4). 

00 

f(r) f f(rlv) fZ(v) dv (II. 4.4) 

o 

Combining the distribution on the rms acceleration and the probabilistic 

spectral shape obtained from the simulation, a probabilistic power 

spectrum can be derived bV a standard change of variable, (Benjamin and 
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Cornell, 1970). This is shown in eq. (II.4.5), 

SeW) 2 
rms • N(w) (11.4.5) 

where S(w) is the power spectrum at the site. The probability density 

function on S(w
j

) is f(S(w
j
», which is the probability density on 

the spectral ordinate S(w
j

) at frequency w
j

• Knowledge of f(S(w
j
» makes 

it possible to provide consistent risk spectra for deSign, where each 

spectral ordinate has the same probability of being exceeded, (McGuire 

1974). 

In summary, a probabilistic model is presented that takes into 
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account information that can be derived from a seismological model. A 

Monte Carlo simulation is performed which generates observations of the 

earthquake process for the event of interest. This information is 

combined through Bayes theorem, with 

models. The mean value of the rms 

the prior knowledge from empirical 

acceleration is the uncertain 

parameter updated by Bayes theorem. With an updated distribution on the 

rms acceleration, the mean square acceleration is used as a spectral 

intensity which is distributed according to the spectral shane function 

derived from the simulation. The result is a probabilistic power 

spectrum from which consistent risk spectra can be defined. 

11.4.3 PROBABILITY MODEL 

In the previous section the probabilistic method for deriving an 

updated distribution on the root mean square acceleration was presented. 

The development presente1 the mathematical relationships needed to carry 

out the updating process. This section presents the probabilistic aspect 

of the model. To demonstrate the methodology a conjugate prior analysis 

is used, which is a standard approach in Bayesian analYSis, (Raiffa and 

Schlaiffer, 1961). The meaning and implications of this approach are 

discussed. 

The probability model is based on the root mean square acceleration. 

In the stage I analYSis presented in section 1I.3.4, the posterior 

probability distribution was data based, and therefore of the form of the 

likelihood function. For the event and site that were defined, the 

likelihood function is derived from statistical studies of strong motion 

data. This analysis defined the rms acceleration as a function of 
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distance. It should be pointed out that the probability density function 

derived from the attenuation model is not a likelihood function 1n the 

strictest sense, but should be more properly defined as a data based 

distribution, (Benjamin and Cornell, 1970). 

A conjugate prior analysis is used in this work. What this means is 

the following, of the many possible distributions that could be used to 

define the prior probability density function, the natural conjugate of 

the likelihood function is selected. The natural conjugate combines with 

the sample likelihood to provide a mathematically tractable solution for 

the posterior distribution. The conjugate prior analysis in fact results 

in a posterior distribution of the same form as the prior probability 

density function. The advantage of this approach lies in the closed form 

solution, which obviates expensive, tedious numerical integrations, and 

statistical derivations of probability distributions. Also for model 

development and testin~, reasonable first order analyses can be made 

using this approach. 

In Section 11.3.2 the assumed form of the attenuation law, eq. 

(11.3.2) implies that the ground motion parameter, in this case the rms 

acceleration, is Log-Normally distributed. In this analysis the mean of 

the rms distribution is uncertain, and therefore the probability density 

function on the mean is of interest. It is assumed in this work that the 

distribution on the mean rms value, is Normal. This assumption therefore 

implies that the posterior probability of stage I is also Normal. The 

parameters of the posterior distribution are the mean and standard 

deviation, denoted ~" and 1 
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The posterior probability density function on the mean rms from the 

stage I analysis is defined as, 

(II.4.6) 

where the symbolic notation, N(m,s), is used to denote the Normal 

distribution with mean m and standard deviation s. Since the parameters 

from the regression analysis are derived for the logarithm of the 

variable, the parameters of the distribution on the variable itself must 

be determined. For the particular case where the random variable is the 

mean, the approximation of assuming a Normal distribution is reasonable, 

(Benjamin and Cornell, 1970). 

The sample likelihood represents the likelihood of observin~ the 

sample set z, given the true value of the mean. In this case the samples 

of the process are obtained from the Monte Carlo simulation. Thus for a 

sample set z, where 

z (II. 4.7) 

the likelihood function, L2(zl~) is determined. To facilitate the use of 

a conjugate prior analysis, the generating process of the root mean 

square is assumed to be Gaussian. Therefore from the definition of the 

likelihood function, 
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n 

11 (II.4.8) 
i=l 

where f(Zil~) is the probability distribution on the rms evaluated at zi' 

The likelihood function on the mean becomes, 

C- ~) N z, (II.4.9) 
Tn 

where Z is the sample mean, n is the number of samples of the rms 

acceleration, and a/~1s the standard deviation of the distribution on 

the mean. Recall that the variance of the process is assumed known, thus 

a is used in the likelihood function. 

The assumption that the generating process is Normal is clearly an 

approximation. However, since the distribution of the mean value and not 

the variable itself is of interest, the degree of approximation is not 

critical. From the simulation, only an estimate of the mean value is 

required. 

Also during the simulation the spectral shape function was 

determined. From this ensemble the probability density on the spectral 

ordinates can be derived. In this work this distribution is assumed to 

be Gamma type. This is consistent with theoretically predicted 

distributions of spectral ordinates and observations for earthquake 

spectra, (Bendat and Piersol, 1971; Kiremidjian, 1976). The distribution 

on spectral shape, f(N(w
j
» is, 
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f(N(w.» 
J 

k k-l -Aw 
A w. e j 

J 
f(k-l) (II.~.10) 

with parameters A and k. The mean and variance of this distribution are, 

E [N(w.) ] k 
J A 

2 k (II.~.11) 
a N(w.) 

1..
2 

J 

The parameters A and k are determined from sample estimates of the mean 

and variance. There will be a probability distribution function 

corresponding to each ordinate of N(w). 

Given the prior, f2(~)' and the sample likelihood, L2(zl~), Bayes 

theorem is applied to determine the posterior distribution on the mean 

rms. Applyin~ eq. (II.~.3), the posterior, f2(~) is, (Ang and Tang, 

1975), 

ftt (~) 
2 N L2 (z I~) fi (~) 

1 
-2 

1 1 ~ - ~' 2 
N m 1 ~ - z ) ( 2 ) exp(- -(--) exp(- - a' ) 

l2"TI"a" 2 aim I 2'lTO; 
2 

2 

00 
(11.4.12) 

where: N 

_00 

and the mean and standard deviation are given as, 

~" 2 

[~/(011;)2] + [~2/(02)2] 

[1/(01Iu)2] + [1/(0;)2] 

( O2) 2 (01 Tn) 2 

2 2 
(02) + (01 Tn) 
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Equation II.4.13 illustrates that the updated estimate of the mean rms 

value is a weighting of the prior and likelihood mean values, depending 

on their respective variances. 

Given updated information on the mean, the total probability theorem 

can be applied to obtain, 

00 

fer) ~ f(rl~) f2(~) dr (11.4.14) 
_00 

where fer I~ ) was assumed Normally distributed in this analysis with 

parameters ~ and o. The integration over ~ yields, (Ang and Tang, 1975), 

fer) (11.4.15) 

The result of the Bayesian analysis is then an updated distribution on 

the root mean square acceleration which is approximated in this work by a 

conjugate prior analysis, where the prior and the generating process are 

assumed Normal. The probability distribution on the power spectral 

density is found by applying eq. (11.4.5). This final result is 

obtained by numerical integration in order to determine f{S(w
j
» at each 

spectral ordinate. 

11.5 SUMMARY 

In this chapter a Bayesian probability model for estimating a 

probabilistic power spectrum at a site is presented. The model is based 
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on the use of the root mean square acceleration as a spectral intensity 

measure. The mean rms acceleration at a site is the uncertain parameter 

updated through the use of a theoretical model to generate observations 

of the earthquake process. These additional realizations constitute a 

numerical experiment from which the likelihood function on the mean is 

derived. Bayes theorem is used to combine prior information on ground 

motion as derived from empirical attenuation studies and the likelihood 

information determined from the simulation. The result of the analysis 

is a probabilistic power spectrum at the site. 
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CHAPTF.R III - DETERMINING THE FOURIER TRANSFORM 

OF A;.;:.CC.;;.:E~L;;.;:;E;;;.;.RA~T~I;;..;;;O=N ~! !H~ NO~_M_A_L ~Q.DE ~ET.!:!QQ 

III. 1 INTRODUCTION 

This chapter describes the theoretical model that is used to 

generate the Fourier transform of acceleration at a site. The 

information obtained from this model is used in the Bayesian analysis 

discussed in Chapter II. The technique adopted is the normal mode method 

in which the free oscillation modes of the earth are determined and used 

to obtain the response of the earth to the dislocation on a fault. The 

application of normal mode methods in seismology has been a topic of 

considerable interest for many years. The method has been applied to the 

problem of finding the periods of free oscillation of the earth, in the 

analysis of surface waves for flat or spherical, multilayered earth 

structures, and in modeling of stron~ ground motion displacements. It 

has also been applied to the development of earth models and the 

investigation of earthquake source mechanisms. Modal superposition is 

familiar to both engineers and seismologists in modeling the dynamiC 

response of linear elastic systems. 

In section III.2 a general review of normal mode analysis and wave 

propagation is presented. This section will develop the background for 

understanding the use of normal mode techniques in seismology and 

describe seismic waves traveling in a dispersive medium. The normal mode 

method of dynamic analysis is outlined in section 111.3. illustrating the 

principle of modal superposition. 
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The remaining sections present the method for the case of earthquake 

ground motion in a spherical earth. The model is described in two parts, 

the first is an explanation of the computational procedure for 

identifying the earth's eigenfrequencies and ei~enfunctions, and the 

second presents the derivation of the Fourier transform of acceleration 

at a site due to the rupture of a single fault segment. The model 

derivation is based on the work of Kanamori (1970), Takeuchi and Saito 

(1972), Fukao and Abe (1971), among others. This presentation is not a 

contribution of this work, since it is available in the geophysical 

literature, however for completeness and understanding, the major details 

of the model derivation are presented. The application of this 

particular procedure for modeling strong motion acceleration is however a 

new development. 

III.2 NORMAL MODE ANALYSIS IN SEISMOLOGY --- --

Modal superposition methods have been employed by Fukao and Abe 

(1971), Hermmann and Nuttli, (1975a), (1975b), Kanamori and Stewart, 

(1976), and Swanger and Beore (1978) with considerable success in 

modeling ~round motion displacements. Gilbert and Dziewonski (1975) have 

studied the use of this method in determining earthquake source 

mechanisms. In this work the normal mode method is used to generate an 

ensemble of Fourier transforms of acceleration at a site, to provide 

updated information on strong ground motion as discussed in Chapter II. 

The earth is a spherical structure which has three vibrational modes 

that distinguish its dynamic response. These modes are of the radial, 

torsional, and spheroidal type. The radial mode is often referred to as 
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the "breathing" mode of the earth since 

displacement. This mode is actually 

it corresponds to uniform radial 

a special case of the spheroidal 

modes. Torsional modes correspond to the twisting motion of the sphere, 

examples of which are given in Figure III.2.la,b. Spheroidal modes 

represent a distorting of the spherical shape as shown in Figure 

III.2.lc. The mode shapes shown in the flgure are representative of the 

surface distortions for long period modes. The same principle holds for 

frequencies in the range of interest for strong ground motion. 

To describe the free oscillation modes of a sphere, three parameters 

are required as opposed to the single parameter needed in the case of a 

one dimensional system. In geophysics these parameters are denoted ~, m, 

and nj where ~ is the angular order and defines the surface oscillation 

as a function of latitude. The term m is the azimuthal order and 

characterizes the surface motion as a function of longitude, and the 

parameter n defines the modal depth dependence and is known as the mode 

or overtone number. A free 

characterized by these parameters 

oscillation mode of a sphere can be 

plus the designation whether torsional 

or spheroidal modes are being considered. The symbolic notation, as used 

in Figure 111.2.1 is :T~ and :S£ for torsional and spheroidal modes 

respectively, where the longitudinal dependence was held constant, 

(Press, 1965). 

Determining the free oscillations of a sphere has been a problem of 

interest in mechanics for many years. Love (1927) determined the period 

of the fundamental spheroidal mode 

with the rigidity of steel and 

of a sphere the size of the earth, 

a Poissons' ratio of 1/4 to be 

approximately one hour. Since that first calculation, numerous 
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investigators have made refined estimates using more realistic earth 

(a. ) 

Figure III. 2.1 

OT2 (~Sin2a) 
"Twist" mode 
43.8 min. 

(c. ) 

s 
o 2 (-P2CCOSe» 
"footbal I" r,lode 
54.0 minutes 

(b. ) 

Example of the free oscillation modes of 
the earth, (a.) torsional and (b.) spheroidal. 
(from Pilant, 1979) 

models. The recording and verification of the fundamental spheroidal 

mode did not take place until 1960 with the Chilean earthquake, (Press, 

1965). Subsequently, literally hundreds of modes have been observed, 

(Gilbert and Dziewonski, 1975). In the remainder of this section the 

normal mode method is rtiscussed in relation to wave propagation. 

The modes of a sphere, as pointed out, are of two independent types 

torsional, and spheroidal. As might be anticipated, particular wave 

types can be associated with the modes of vibration. Fo!' example, the 

fundamental torsional mode oscillations corresponds to Love surface 

waves, and similarly the fundamental spheroidal mode oscillation defines 

Rayleigh surface wave motion. As higher modes or overtones are 
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considered, the torsional modes correspond to SH body waves, 

(horizontally polarized shear body waves), and the spheroidal modes are 

P-SV waves, (compressional and vertically polarized shear waves). In 

engineering applications, horizontal motion is of prime importance and 

thus SH motion or the torsional modes are modeled in this work. 

Surface waves are so called because they are constrained to travel 

on or near the earth's surface. There are two types of surface waves, 

Love waves which are SH waves traveling along the free surface, and 

Rayleigh waves whose particle motion is elliptical in a vertical plane in 

the direction of propagation. Rayleigh first suggested the existence of 

a special class of waves along boundaries of elastic solids in a 

homogeneous half space and thus one type bears his name. Love 

investigated the theory that a type of surface wave may exist having 

motion predominantly transverse to the direction of propagation. This 

phenomena had been observed, but not explained. Love proceeded to 

demonstrate the existence of surface waves of this type in the presence 

of a layer over a half space, and in the process discovered that these 

transverse surface waves are dispersive. That is, the propagation 

velocities are functions of wavelength. Similarly, Rayleigh waves are 

dispersive due to the heterogenlty of the earth's properties with depth. 

Figure III.2.2 illustrates a typical example of Love wave dispersion 

curves for an Imperial Valley structure. 

Dispersion curves describe wave velocity as a function of frequency 

or period. Note the two velocities shown, phase velocity, c(w), and 

group velocity, u(w). The phase velocity is defined as w/k, where w is 

the circular frequency and k is the wavenumber. The wavenumber is a 
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spatial frequency and is defined as 2n/wavelength. To measu~e the phase 
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Figure III.2.2 An example of Love wave dispersion curves. 

velocity, observations in the same direction, at distances x, and x2 from 

a source must be made. The phase velocity is x2-x" divided by the 

phase delay. The group velocity on the other hand, is the rate at which 

energy travels for a particular frequency group and is defined as 

dwldk. The group velocity can be measured as the distance traveled, 

divided by the time of arrival of a wavegroup. 

To demonstrate the concept of dispersion, a graphical example is 

given illustrating the definitions of phase velocity and group velocity. 

Consider the situation in Figure 1I1.2.3. A point source is applied to 

the system with waveforms recorded at twenty stations starting at a 

distance of 40 km. and spaced at 1 km. increments. The phase velocity 

can be observed by considering two stations close to one another and 

measuring the phase delay of a particular peak or zero crossing. The 

phase velocity is then, 
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Figure 111.2.3 An example demonstrating the dispersion of seismic 
waves. From these observations dispersion curves 
could be developed for phase and group velocity. 
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c(w) (III.2.1) 

where x2-x1 is the distance traveled by the wave, and the phase delay, 

t , is the delay of a particular peak traveling from point 1 to point 2. 
p 

The group velocity is defined as the source-site distance divided by 

the time of arrival of a wave group. The group velocity can be thought 

of as the velocity at which an envelope function for a given frequency 

group travels. Since energy is proportional to the amplitude squared, 

group velocity is often referred to as the velocity of energy flow. In 

Figure 1I1.2.3 the phase and group velocities can be measured as the wave 

travels from the source. 

A variational method is used tn this work to determine the free 

oscillation modes and dispersion characteristics of a radially 

heterogeneous earth. Most applications of modal superposition techniques 

use a flat earth model. A spherical earth is considered in this work due 

to the stability of the variational method, and the availability of the 

computer algorithms. This is described in section 111.4. The limitation 

of considering a laterally homogeneous earth is not viewed as a major 

handicap in modeling strong ground motion in view of the relative short 

distances, generally less than 100 kilometers, of interest in earthquake 

engineering. The advantage of having an earth model with radially 

varying characteristics is an important step towards the improvement of 

the state of the art in modeling strong ground motion for use in seismic 

hazard analysis. 
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111.3 NORMAL MODE ANALYSIS 

The normal mode method is discussed in a general way to outline the 

analysis procedure and to present its advantages in computing the 

response motion of a linear elastic system. The normal mode method of 

analysis is a popular computational technique in engineering, (Clough and 

Penzien, 1975), and seism:"l.ogy, (Kanamori and Stewart, 1976; Swanger and 

Boore, 1978). The method is based on the existence of no~mal modes of 

vibration of a system, each with a characteristic shape and frequency. 

The response of the system to arbitrary loads is defined as a weighted 

superposition of all modes. 

Modal analysis is based on the principle that the response of a 

linear system can be composed of the superposition of the normal modes of 

the system. In structural engineering applications, the systems analyzed 

are often discrete and the number of modes equals the number of degrees 

of freedom associated with the individual masses. In seismology, a 

spherical or flat multilayered earth are examples of continuous systems 

where the method is applied. Normal mode analysis offers considerable 

advantage in that the modes and frequencies of vibration are calculated 

once, with the information then stored fo~ repeated use. The response of 

the system to different loading functions is determined by the 

appropriate superposition of the modes. In the remainder of thls 

section, the normal mode method is presented. 
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111.3.1 DETERMINING THE FREE OSCILLATION MODES AND FREQUENCIES 

Consider the equation of motion for the undamped free oscillations 

of a multi-degree of freedom system, 

M [U(t)] + K [U(t)] [0] (rrI.3.1) 

where: 

M = mass matrix 

K = stiffness or rigidity matrix 

[U(t)] , [U( t) ] = vectors of acceleration and displacement, 

respectively 

[0 ] = null vector 

Assuming that in a normal mode the system response is harmonic, the 

displacement and acceleration of the jth mode is, 

[U(t)]. 
J 

[Y]. sin(w.t + cp.) 
J J J 

2 (rrI.3.2) 
[U(t)] . 

J 
-[Y]. w. sin(w.t + CP.) 

J J J J 

where [Y]j is the maximum amplitude vector of the jth mode, 

angular frequency and ~ the phase angle. Substituting eQs. 

into (111.3.1) to obtain, 

2 
(K - w. M) [Y]. 

J - J 
[0] 
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whioh is a set of n simultanteou8 linear equations. The solution of 

these equations requires that the determinant of the expression on the 

left hand side is zero. This oondition is given in eq. (111.3.4). 

o (111.3.4) 

An nth order algebraio equation in w2 is obtained having n roots. The 

roots of this oharacteristio equation are the eigenfrequencies. For a 

given eq. (II1.3.3) can be solved for [Y)j to within an arbitrary 

oonstant. The [Y)j'S are the eigenvectors or modes of vibration. 

It oan be shown that the eigenvectors are orthogonal or normal to 

one another, (Clough and Penzien, 1975). The orthogonality property 

allows the problem of determining response to be decoupled into a set of 

n 2nd order differential equations, which are solved separately in the 

normal ooordinate system, (Clough and Penzien, 1975). The final solution 

involves transforming the deooupled response in normal coordinates, back 

to the original ooordinate system. 

111.3.2 RESPONSE TO ! STEP FUNCTION ~ 

Consider the following example, where the response [U(t») is desired 

due to a step funotion in time, [H(t»), which is applied to a discretized 

multi-degree of freedom elastic system. The undamped equation of motion 

for this system is, 
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M [U(t) J + K [U(t) J = [H(t) J (III. 3.5) 

By the orthogonality property of the normal modes, the mode shapes are 

used to define a generalized coordinate system where the total 

displacement is represented as a weighted superposition of the modes. 

Thus, 

modes 

[U(t)] L [YJ 
n 

[<p (t)] 
n 

(III.3.6) 

n=1 

where [y~ is the mode shape vector for the nth mode and [~n(t)] is the 

amplitude vector of the nth mode. Applying the orthogonality principle 

and substituting eq. (111.3.6) into the equation of motion, the 

following result is obtained, 

* .. * 
M [<P(t)] + K [<P(t)] * [H (t)] 

where: 

* yT M M Y 

* yT K K Y 

* yT 
(III.3.8) 

[H (t)] [H (t) ] 

Eq. (III.3.7) can be rewritten, 

* [H (t)] 
[~(t)] + w

2 [<P(t)] = _--=-*---..;;:.n 
n n n M 

(III.3.9) 
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which is the decoupled equation of motion for the nth mode. The solution 

for [~n(t)] is the result for a single degree of freedom oscillator, with 

natural frequency w , where, 
n 

* [H (t)] 
n 

2 * (l-coswt) 
w M 

n -

(III.3.10) 

The total response, upon transforming the individual modal responses to 

the original coordinates, is, 

[U(t)] 

all modes 

L[Y]n 
n=l 

* [H (t)] 
2 * It:1-cosw t) 

w M n 
n 

(III.3.11) 

[U(t)] is the displacement response vector of the system due to a forcing 

function which varies stepwise. This exercise illustrates the principle 

of modal superposition to determine the response. A major advantage of 

modal analysis is that once the system is defined, that is once M and K 

are known, the e igen frequencies and free oscillation modes can be 

determined and stored. The response of the system 1s found for any 

forcing function by applying eqs. (1II.3.7) - (I11.3.11). This same 

principle applies to normal mode analysis in seismology. That is, the 

determination of the earth's normal modes will be a function of the earth 

structure, and not the fault or event size. 
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111.4 COMPUTATION OF NORMAL MODES AND DISPERSION CHARACTERISTICS 
~~--~---- --------
FOR A SPHERICAL ~ 

In this section the computational method used to determine the free 

oscillation modes, and the frequency dependent phase and group velocities 

of a sphe~ical earth model is presented. The previous sections described 

the general form of normal mode analysis and the fact that the earth is a 

dispersive medium having propagation velocities that vary with 

wavelength. A number of methods have been used in the past to compute 

the eigenfunctions and dispersion properties of surface waves for layered 

earth models, such as the Thomson-Haskell matrix method, (Harkrider, 

1964). Routines are readily available for most techniques. In this work 

the variational approach developed by Wiggins (1976) is used. Geller 

(1979) suggests that variational methods offer considerable advantage 

over other techniques in terms of computational efficiency and accuracy. 

The method presented by Wiggins is a Rayleigh-Ritz procedure. The method 

is outlined in this section, describing the basic variational approach 

and solution technique for determining the normal mode eigenfrequencies 

and dispersion curves. In seismology the term overtone is often used to 

describe the higher order modes. The lowest order mode is the 

fundamental, with the higher modes denoted as the first, second 

overtones, etc. 

The method presented by Wiggins is a Rayleigh-Ritz procedure that 

makes use of the principle that the Lagrangian remain stationary. In 

order to estimate the natural frequencies and normal modes of a system 

through the use of Rayleigh's principle, an assumption about the mode 

shape or an estimate of the eigenfrequency is required. This is true for 
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the earth or any elastio system. The method can be applied for the 

fundamental and any number of higher overtones. 

The earth is assumed to be a radially heterogeneous sphere whose 

free oscillation modes are sought. The earth is described according to 

the radial variation of its density and elastic properties, or 

equivalently by its compressional and shear wave velocities. The earth 

also has boundary conditions at the outer surface and at the liquid-solid 

interface of the core-mantle boundary. These conditions are; zero stress 

at the outer surface and liquid-solid interface and displacement and 

stress continuity across internal boundaries such as between solid 

layers. Since the earth is modeled as a radially heterogeneous sphere, 

the eigenfunction will be a function of r, the radial coordinate only. 

Following the formulation of Ritz, the eigenfunction can be 

considered as a linear sum of interpolation functions. Once the form of 

these functions has been chosen, potential and kinetic energy integrals 

can be found. Following Hamilton's principle, the solution for the 

eigenfrequencies corresponds to a minimizing of the Lagrangian. For the 

case of a radially heterogeneous earth, the Lagrangian is given by 

Takeuchi and Saito (1972) to be, 

I 
2 

I - 12 - (~-l) (~+2) 13 w 1 
a 

II f p(r) 2 2 
r Yl(r) dr 

0 

a 

12 f ~(r) (rYl(r) 
2 dr = yl(r» 

0 (111.4.1) 
a 

13 f ~(r) 
2 

Yl(r) dr 

0 
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where a is the earth's radius, w is the eigenfrequency, y 1 (r) is the 

depth dependent displacement eigenfunction, v(r) is the shear modulus, 

per) is the density, and ~ is the angular order. Also in eq. (IIl.4.'), 

y,(r) is dy,(r)/dr. Applying the condition that the Lagrangian be 

stationary, the standard form of the eigenvalue problem is obtained. The 

solution for the eigenfrequencies and the eigenfunctions can be 

carried out by a standard eigenvalue solution routine. 

A free oscillation mode, Y,(r), is modeled as a linear sum of 

interpolation functions as shown in eq. (111.4.2). 

m 

L ci <Pi (r) 
i=l 

(III.4.2) 

For a defined set of interpolation functions, <Pi(r) , the ci's are the 

unknowns and can be considered as a set of generalized coordinates. For 

engineers this method is familiar as the basis of the finite element 

method of structural analysis. In practical problems the system, in this 

case the earth, is divided into segments, within which the eigenfunction 

is described by eq. (111.4.2). A set of natural coordinates is employed 

where the segments are of unit length. Substituting eq. (111.4.2) into 

eq. (III. 4.1), Wiggins gives the following expression for the 

Lagrangian, 

I 
T 2 T 

[c] A[c] - w [c] B [c] 

A Al + (~-1) (H2) A2 
where: 

a 

AI' . 1J f v(r) (r<p.(r) 
1 - <Pi(r» (r<p. (r) 

J 
- <P. (r» dr 

J 
0 
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a 

A2 · . 1J f ll{r) <Pi (r) CPj (r) dr (III.4.3) 

0 

a 

B •. f p(r) 
2 

CP. (r) CPo (r) dr r 
1J 1 J 

0 

[e]T [e
l

, C2 ' . . . . e ] 
n 

where T denotes the transpose. Minimizing the Lagrangtan with respect to 

the unknown generalized coordinate, [c], the standard form of the 

eigenvalue problem is obtained. 

2 
~[c] - w ~[e] [0 ] (III.4.4) 

Summarizing the development of the solution for the normal modes to 

this point, a Rayleigh-Ritz method is used to set up the eigenvalue 

problem for an elastic sphere. The earth's structure is described by the 

variation of mass density and shear wave velocity with depth. For this 

system the eigenfunction is a function of depth, and is modeled as a 

series of segments. Within each segment the eigenfunction is described 

as a linear sum of interpolation functions. Substituting the discretized 

eigenfunction into the Lagrangian, eq. (III.4.3) was obtained. The 

remaining undefined components are the interpolation functions which are 

described next. 

Wiggins has chosen to use Hermite polynomials as the interpolation 

functions. These functions in natural coordinates are, 

<PI (x) 3x
2 

2x
3 
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where x = r-a 
b-a 

QJ3(X) 

(II1.4.5) 
x -

for the radial interval r = a to r = b. The shape of the 

L/1. cp=3x 2 -2 x 5 

0 I 

U. cp = - X 2 + X 5 

~L cp= I - 3 x 2 + 2 x 5 

kL cp= x - 2 x 2 + X 5 

0 I 

Figure 111.4.1 The interpolation functions used to 
represent the eigenfunction, shown 
with their polynomial representation, 
(Wiggins, 1976). 

interpolation function~ are shown in Figure 111.4.1. These interpolation 

functions have been chosen such that the slope or displacement is 0 or 1 

at the ends. For systems with boundary conditions this choice is 

particularly advantageous. The boundary conditions at internal layer 

boundaries and at the earth's surface are met by appropriate modification 

of the A matrix. Conditions such as displacement and stress continuity 

at the boundary between layers and the requirement of zero stress at the 

free surface are taken into account and have been demonstrated by Wiggins 

(1976). 

The solution for the eigenvalues and corresponding eigenvectors is 

carried out through the use of the inverse iteration method. For an 

initial estimate of Wi,the corresponding eigenvector is determined. If 

this is not the solution, the Rayleigh Quotient gives the next estimate, 
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T [c). A[c]. 
1 - 1 

T 
[c]. B[c]. 

1 - 1 

(III.4.6) 

This process is repeated until the Lagrangian is stationary. 

When a particular eigenfrequency and mode have been found, the group 

and phase velocities of the wave can be computed, (Takeuchi and Saito, 

1972) , 

c(w) 

u(w) 

wa 
SI, + 1/2 

2S/, + 1 
2w 

(III.4.7) 

where u(w) is the group velocity and c(w) the phase velocity and a, SI" 

and w are as defined earlier. 

To use the inverse iteration method of solving the eigenvalue 

problem, reasonably good estimates of the eigenvalue or eigenfunction 

must be made. For the fundamental mode this is not so critical, since 

given a poor eigenvalue estimate, the routine will generally find the 

fundamental eigenfrequency. For other modes the initial estimate must be 

within about 10% of the true value. To obtain accurate initial estimates 

of the eigenvalues the following technique is used. For a given angular 

order, the Lagrangian is calculated over a wide range of w's, 

incrementing w by 1 or 2 percent on each iteration. The r'outine 

identifies the eigenvalue number that the cUr'rent value of w is closest 
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to, (Wiggins, 1976). 

This method of determining the normal modes of the earth has a 

number of specific advantages over other techniques that have been used 

in the past. Previous methods model the earth as a layered media whose 

elastic properties vary in a stepwise manner with depth. Realistically 

the earth would be better represented by a gradient of some form. 

Wiggins' routine allows for a linear variation of p(r), vp(r) and vs(r) 

with depth. The method does not however, require that these properties 

be continuous across boundaries and therefore discontinuities can also be 

modeled. 

To conclude, the Wiggins variational method offers an effiCient, 

accurate method of determining the free oscillation modes and dispersion 

characteristics of a realistic model of the earth's structure. 

111.5 MOTION DUE TO ! SINGLE FAULT SEGMENT 

This section develops the acceleration motion at a site due to an 

arbitrary fault segment that propagates unilaterally along a line. The 

development follows that of Kanamori, (1970), 

Fukao and Abe, (1971), Takeuchi and Saito, (1972), etc. in 

obtaining the Fourier transform of displacement due to a double-couple 

point source varying stepwise. The model is extended to consider a 

propagating line source, a dislocation time function that is a ramp, and 

acceleration motion. The development presented here will be for the 

transverse component of the SH motion. 

The form of the torSional mode displacement motion, as derived from 
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the wave equation in spherical coordinates is, 

U (r,t) 0 
r 

-iwt 
e 

(III. 5 .1) 

where the spherical coordinates r, a, and ~ are shown in Figure 111.5.'. 

Eq. (111.5.') defines the free oscillations of the earth when vibrating 

in a torsional mode. In the above equation, y,(r) is the depth dependent 

displacement eigenfunction and Y2m(a,~) is the spherical surface harmonic 

which is independent of depth and earth structure, and describes the 

oscillations of the surface of a sphere. Also, 2 is the angular order 

number, m the azimuthal order number, and w, the eignfrequency. The 

radial displacement, depends on m, and the transverse 

displacements will depend on 2. For the torsional modes, the radial 

motion is negligible. 

As pointed out in section 111.2, the normal modes of the earth are 

defined by 2 parameters, nand 2, for constant azimuthal order m. 

Therefore the modal properties to be described in this section, Y,(r), w, 

L, ( w ), L2( w ), etc., are functions of the mode, n, and the angular order 

2. To simplify notation the subscripts, n and ~,are implied for the 

remainder of this discussion for frequency dependent functions. 

The form of the spherical surface harmonics, Y~m(a ,~), 1s given in 

eq. (III.5.2), 
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Ca.) 

(b.) 

Figure 111.5.1 Ca.) Polar coordinate system with narn
meters, r,~,e and (b.) fault representa
tion defining the slip vector D and slip 
angle A which is measured counter clock
wise from the xl axis and the dip angle 0 
measured from tfie negative Xz axis. 
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( _1)m 2£+1 
--z;rr 

(Q,-m)! 
(£+m) ! 

p~(cose) e
im$ m > 0 

m < 0 (III.5.2) 

where pm(cos e) is the Legendre polynomial, which for an argument x, 

satisfies the differential equation, 

m 

pm (x) = (1_x2)2 
n 

m p (x) 
n m > 0 (III.5.3) 

Knowledge of the displacement field as given in eq. (111.5.1) makes 

it possible to determine the potential and kinetic energy integrals as 

derived by Takeuchi and Saito (1972), and expressed in the previous 

section (see eq. (III. 4. 3». After considerable algebra, equations 

(111.5.1) to (111.5.3) are solved to give the displacement due to a point 

source in terms of the normal modes of the earth. The total displacement 

motion is then expressed as a superpostion of each mode. The general 

form of the displacement, U (r,t), observed on the surface of the earth, 

and excited by a point double-couple source varying stepWise, is given 

by, 

U(r,t) 
( E •• (r ) M •. ) Y1 (r ) 

1J S 1J S 
2 T w y

1
(r) p(r) y

1
(r) 

(1-coswt) 

(III.5.4) 
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where the forcing * function [H (t)] in eq. (III.3.") is replaced by the 

term Eij(rs)Mij. 

applied at a point 

This represents the forcing function of the earthquake 

r • s Eij is the strain tensor at the source and Mij is 

the seismic moment tensor, (Geller, '979). 

Eq. (111.5.4) represents the solution for ground displacements by 

the normal mode method. After evaluating the strain tensors, the result 

for the transverse component, u~(r,t), is, 

dpl (cose) 5(, 
(-L1 (w)q --d-e-- (III.5.5) 

The terms, p and q, in eq. (111.5.5) are geometric factors that depend 

on the fault mechanism and source site azimuth and are defined as, 

(refering to Figure III.5.1a,b), 

q = -(cosA coso) sin~ + (sinA cos2o) cos~ 
(III.5.6) 

p = (sinA sino coso) sin2~ + (cosA sino) cos2~ 

L,(W) and L2(W) are the earthquake forcing functions for a given mode and 

angular order which are independent of source ~eometry, and defined to 

be, 

25(, + 1 Y2(rs ) 

2 
47fw II 

jJ(r ) 
s 

25(, + 1 
y

1
(r

s
) 

(III.5.7) 
2 r 

47f(.ll II s 
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where the subscript s denotes the value of the variable at the source 

depth. 11 is the energy integral defined in eq. (111.4.1) and Y2(r) is 

the depth dependent stress eigenfunction, defined as, 

dYl(r) Yl(r) 
( dr - -r-) (III.5.B) 

The equation for transverse displacement, eq. (III.5.6), Is for a unIt 

moment. Geller (1979) presents the modal amplItude factors A1(w) and 

A2(w) for the case of a moment tensor at the source, varying stepwise, 

~ (w) 

(III.5.9) 

where the moment tensors were, p and q, in the case of a unit moment 

without the azimuthal dependence ~. 

The time domain representation of the transverse component was given 

in eq. (111.5.5), where U~(r,t) was represented by a summation over the 

number of modes. To solve for u~(r,t), the asymptotic expansion of the 

Legendre polynomial is used, which is 
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m imn m 1 
P~(cos8) ~ e ~ cos«~ +2) 8) + 

(m7f _ ~) 
2 4 (III.5.10) 

By a change of variable, the summation over ~ in eq. (111.5.6) is 

replaced by an integral over, w, the frequency. The variable change, k = 

(~+ 1/2)/a and d ~ = dk/(dw/dk), is used where k is the wavenumber and 

dw/dk is recognized to be the group velocity u(w). Expansion of eqs. 

(III-5.5) and (II1.5.10) into complex form, and substituting eq. 

(111.5.10) into the new expression for U¢(r,t), leads to the following 

result, 

1 
27f 

00 

_1 "1 1 1 ~ Yl(r) [p P (w) + iq Q (w)] vsin8 n _00 

exp (- i;) exp (-iwa8/c(w» exp (iwt) dw 

(IILS.1l) 

This is the Fourier transform integral for U¢(r,t). Simplifying notation 

and identifying terms, 

(III.5.12) 

where L1(W) and L2(W) are the source terms which depend on source depth 

and the earth structure as defined earlier. Also, 
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C(w) 1 

Vsine 
[p pl(W) + iq Ql(W)] 

exp (-i E) 
4 exp (-iwae/c(w» w > 0 (III.5.13) 

C(-w) * C (w) w < 0 

which is the Fourier transform of displacement due to a unit double 

couple source varying s~epwise, and p and q are the geometric factors 

accounting for source-site azimuth and fault geometry. The 1/isine term 

accounts for the geometric spreading of surface waves where e is the 

source-site distance in radians. 

In seismology, where the generation of synthetic seismograms is of 

interest, the source excitation terms are interpolated at equal spacing 

over the desired frequency range, and inverse Fourier transformation 

produces the time domain signal. In this work the frequency function is 

of interest and therefore C(w) is used throughout the remainder of this 

chapter. 

The solution derived to this point describes the displacement at a 

site due to a point source with a step function excitation. In this work 

acceleration motion due to the propagating rupture of a fault segment is 

desired. BV the derivative theorem, the Fourier transform of 

acceleration, A(w), is given by 

A(w) -w2 C(w) (II1.5.14) 

For other than the first point of rupture, the excitation due to a 

general segment will be shifted in time until the rupture reaches that 
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point. Denotin~ the time of rupture init.iation at a segment j as tr
j

, by 

the shift theorem the acceleration transform becomes, 

A(w) 
2 -iwtr. 

-w C(w) e J (III.5.15) 

The Fourier transform of displacement derived previously was for a 

source dislocation function that varied stepwise in time. This is shown 

in Figure III.5.2a. In this work a ramp dislocation function, (Haskell, 

1964), is used, as shown in Figure III.5.2b. Therefore to transform the 

results for a step function, to that for a ramp, the time domain function 

is convolved with what is known as the far field source function. This 

function is equal to the derivative of the desired source dislocation 

function. In this case the derivative of the ramp function is a box-car 

of duration equal to the time until the final dislocation, D , is reached o 

(see Figure III.5.2b). The far field source function is shown in Figure 

III.5.2c. The time it takes to reach Do is known as the rise time and is 

denoted by T. In the frequency domain, the convolution with a box-car 

results in a multiplication with a sinc function, (sin x/x), the box-car 

transform. Thus A(W) now becomes, 

A(w) (III.5.16) 

The acceleration spectrum is further modified due to the fact that 

the earthquake source is no longer a point but a propagating finite line 
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_ .. 
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Figure 111.5.2 Source dislocation functions vary
ing as a (a.) step function, (b.) 
ramp function with rise time 1, and, 
(c.) the far field source time func
tion. 
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sou~ce having a velocity vr over a length L. The effect due to rupture 

over a finite source is known as directivity and was first studied by 

Ben-Menahem (1961). The acceleration transform is modified due to this 

effect in a manner similar to that for a ramp dislocation. The 

directivity effect is 

(1IL5.17) 

where 
~ (~ _ coscp) 
2 v c(w) 

r 

~ is the source-site azimuth, and c(w) is the wave phase velocity. The 

resulting Fourier transform of acceleration due to a general fault 

segment is, 

A(w) 
2 

-w 
sin(Tw/2) sin(TLw/2) 

C(w) 
Tw/2 TLw/2 

exp (-iw(tr
j 

+ T/2 + TL/2)) 

(IlL5.l8) 

The final factor to be included in the ground motion model is the 

anelastic attenuation of seismic waves. This is taken into account by a 

filter of the form, 

(IlI.5.19) 

where r is the source to site distance on the earth's surface in 
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kilometers, w is the frequency, Q is the specific attenuation factor and 

u(w) is the group velocity. 

1I1.6 SUMMARY 

In this chapter the model for generatinR the Fourier transform of 

acceleration at a site was presented. The development was for a 

propagating line segment of arbitrary position in space and time where 

the motion is determined by the normal mode method. The modal 

superposition method permtts modeling of a radially heterogenous earth 

with linear velocity gradients. The variational procedure of Wiggins was 

used to identify the eigenfrequencies and modes to permit calculation of 

the source excitation coefficients. The model presented is based on the 

method developed by a number of researchers, as cited, and extended by 

standard techniques to consider the directivity effect due to a 

propagating source, a ramp source time function, and acceleration motion. 

The normal mode method provides a realistic means of taking into account 

the earth structure and free surface in estimating strong ground motion. 

Also, since the eigenfrequencies and eigenfunctions are calculated once, 

the method is quite efficient in generating synthetic spectra or 

waveforms. The next chapter demonstrates various aspects of this model 

and applies it in modeling of strong ground motion from observed events. 
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CHAPTER IV - THE NORMAL MODE MF.THOD: DETERMINISTIC MODELING 

IV.1 INTRODUCTION 

Cl,.~pter III presented the no~mal mode method for determi.ning g;round 

motion due to a p;eneral fault sep;ment. From this l"esult an expression 

for the total motion due to tl,.e complete fault ruptul"e can be ~iven as 

the superposition of inrUvtdu~l segment contrtbutions. Althou~h well 

founded theoretically, the usefulness of a wave propa~ation model is 

judp,ed hV its ahilitv to l"eproduce recorded waveforms p,iven the "proper" 

input. This statement 49 admittedly va~ue in its definition of model 

veftification. The philosophy of scientific investi~ation, as discussed 

hy Jeffreys (1961), involves the hasic diffel"ences between inductive and 

<:lerluctive lop;ic. In the o"'esent discussion, the followinp; approach is 

t~ken . Observedg;rounrl motion rlata i'l.re modeled to demonstrate the 

ability of tl,.e normal mode method to reproduce thp di.strthution of ener,lity 

as a function of frequencv. This is to say, that spectral levels al"e 

considered of orime impo"'tance in the present Hork. Althollp;h time domain 

corntHl.l"isons are used tl-Jroughout this chapter when modeling p;round 

displacement an~ accelel"ation, soectral measures are mOl"e app"'opriate fo'" 

nefinin.!1, the future se:i.smic hazard. The reaso!'lS for this are l"elated to 

the complex rtepend~nce of t.he wavefol"m phase on tl1e fault l"uptul"'e and 

~isoersion prooe~ttes of t~p merlium. 

amolitudes, t-Thich are not depenrlent on phase, are arlopted. Fxamples of 

these are t~p Fourier amplitude spectrum, powel" spectral rjpns:i.tv and peak 

response snectrum, (McGuire. 1974: Anrlpl"son and Trifunac, 1977; Savv. 

1979). 
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This chapt~r has two o"je~tives; to tiemonstrate the effect. various 

sOllr~e parametel"'s have on /:I:round motion, ann then hv modeling past 

events, the capahilitv of t"e no"mal mode method to "eproduC'e ohserved 

~round motion. To c~rrv out these tasks a location must he selecte~ 

where the earth's structul"'e is known, anti where stY'ong o;rounti moti.on 

recol"'dino;s are availahle. 1'he tmppl"ial Vallev in southe"n Cali.foY'nia 

meets these critpria, and is adopted as the stu~v area in this work. 

This choice is particulal"']Y !'IdvantaQ;eous since other investiv,atol"'s have 

modeled p.arthquake strono; o;round motion in this reO;ion with diffel"ent 

theoretical models, (Heaton anri HeImberger, 1911, 1918; Swan~er a~ti 

Boore, 1(18). 

Afte" selectino; the Impel"ial Vallev, results of the solution fol" the 

normal mo~es and riispel"'sion curves al"'p. nl"'esente~. To rtemonst .... ",te the 

model in a v,eneral sense, examples of l"aniation oattern, diY'ectivitv, 

dislocation "i5e time, anrt SOUl"'ce denth effects are o;iven. Th; s will 

serve to demonstrate the features of the model, as well as to riefine the 

effect dvnami.c and o;eometl"'ic source charactel"istics have on o;round 

motion. Two seismic events are then selected to nemonstl"'ate in mol"'p 

detatl the no""mal morie technique, these al"e the 1q68 Rorl"eo;o Mountain 

eal"thquake and the 1916 Bl"'awlev eal"'thquake. Fo.. each event the 

displacement wavefol"'ms aY'e modeled. In addition, for the BOl"re~o 

Mountain e~rthquake, synthetic aoceleration tjme histories a"'e compared 

to the accelel"op;r'aph "ecordtn~ ohtatned at the El Centro station. The 

term svnthetic refers to the wavefol"m ~eneraterl hv the t~eoretical model. 

The synthetic Foul"'ier amplitu(je spectra of accele"'ation are compared to 

the ohsel"ved spectrum to assess the ability of the model to nredtct the 
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ener~v distribution as a function of frequencv. 

IV.2 IMPERIAL VALLEY REGION 

The Imperia1 Vallev is an active seismic region in southern 

California which has experienced a number of mod.erate to large (M
L 

greater than 5.5) earthquakes in the last 40 years. Figure IV.2.1 

presents a map of the Imperial Valley and surrounding re~ion, denotin~ 

N 

+ 

0 .... =_= __ -==--==--='::;00 Miles 

0 .... __ oc:::::===fOO ____ c::====:32C?0 Kms. 

Figure IV.2.1 Earthquakes of magnitude 6.0 and greater in the 
southern California region, 1912 - 1972, 
(Hileman et a1., 1973). 

events of ma~nitude 6.0 and greater. 

The 1940 Imperial Valley earthquake oroduced one of the most 

significant acceleration recordings of ~round shakin~ ever obtained. 

Recently, tl1e 1979 Imperja1. Vallev earthquake ororluced a recording; with 

the highest vertical aMeleration ever, 1.74g, (USGS Open-File Report 
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79-1654, 1979). For reasons of seismicity alone, the Imperial Valley is 

an excellent region to consider for this study. In addition, and just as 

important, is the fact that the ~eolo~ic structu~e in the Imperial Vallev 

is well understood and in fact forms an idea I wavep;uide, (Bi.ehler et a1., 

1964; Clayton and McMechan, 1980). The events to be studied in this work 

have been investi~ated bv other researche~s, (Heaton and Helmherp;er, 

1977, 1978; Swan~er and Boore, 1978), employinp; the ~eneralize~ rav 

technique and the modal superposition method for a flat earth, 

~espectively. These works serve as a guide in the choice of fault models 

to be used in this study. 

IV.2.1 IMPERIAL VALLEY EARTH STRUCTURE 

Biehler et al. (1964) carried out P-wave refraction studies in the 

Imperial Vallev re~ion. Their study p~ovides the tvpe of information 

necessarv to apply models such as the normal mode method. Fip;u~e IV.2.2 

shows the Imperial Vallev a~ea, and the locations of the seismic 

refraction profiles. Based in part on their results, Heaton and 

Helmber~er (1977) used a lave~ over a half-space in mode1inp; the 1968 

Borre~o Mountain earthqu~ke. Swan~er and Boore (1q18) on the other hand 

used the more complicated structure given in Table IV.2.1. Their model 

was set up to take into account the variation in lateral thickness of the 

Imperial Valley that exists between the hvpocentral area of the Borrego 

Mountain earthquake and the EI Centro recording station. Thei~ earth 

structure is adopted in this work to model the Borrego Mountain 

earthquake and the 1916 Rrawlev event, except that the model in this 

study uses li.near ~radients to describe the va~iation with depth of the 

earth's density and setsmic velocities. The earth structure used in this 
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t 
I 

o ' 50 100 /(ms. 
~~';"="-:--==7 ~"'.~~-r--==I 
o 50. Milu 

Figure IV.2.2 ~~p of Salton Trough showing locations of seismic 
refraction profiles and cross-section lines. Also shown 
are the long-period strong-motion stations, IVC and ELC, 
and the epicenter of the H4.9, November 4,1976 earth
quake. Stippling indicates generalized outline of pre
Tertiary crystalline rocks bordering the Salton trough. 
This figure has been modified ·from Biehler et a1. (1964). 
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work is shown in Fi~ure IV.2.3 with the structu1"'e in Table tV.2.1. The 

Table IV.2.1 

STRUCTURE USED BY SWANGER AND BOORE (1978) 

Thickness P Velocity S Velocity DensitY3 
(km) (km/sec. ) (km/sec.) (gm/cm. ) 

0.25 1.7 1.0 2.0 

0.30 2.1 1.2 2.2 

1.35 2.4 1.4 2.2 

0.95 3.3 1.9 2.4 

1.65 4.3 2.5 2.5 

7.0 6.2 3.6 2.9 

a.5 7.1 4.1 3.0 

7.8 4.5 3.1 

shear wave velocit.y and density at"'e shown since the t01"'sional modes a1"'e 

conside1"'ed 1.n this work. The linear ~radient model is intuitively a 

realistic model of the earth's seismic profile but not one to which the 

Wiggins t"'outine is restricted. In some cases, lineat"' ~radients within 

layers, and discontinuities at laver boundaries, may be the most 

suitable, and one which the present routine can handle. The effect of 

having discontinuities between lavers is to insure sharp reflections, and 

to clearly define a wave~uide. The desirahilitv of this depends on the 

structure being considered. Recent stUdies of the Impet"'ial Valley 

structure indicate that the use of linear ~radients is a realistic 

representation of the seismic orofile, (Clavton and McMechan, 1980). 
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IV.2.2 RESULTS OF NORMAL MODE CALCULATIONS FOR T~E 

IMPERIAL VALLEY EARTH STRUCTURE 

For the Impe~ial Valley ea~th structu~e presented in the previous 

section, Wiggins' variational routine is used to generate the fundamental 

and seventeen higher torsional overtones (a total of 18 modes). The 

dispersion curves and ei~enfunctions for each morie are calculated. The 

excitation coefficients are determined at nineteen depths, from 1 to 19 

kilometers spaced at one kilometer increments. Fo'" the purpose of 

demonstrating the present proba"iHtv model, eighteen modes provide 

frequency information uo to approximately 5 hz., depending on the deoth 

of the earthquake. There is no numerical reason whv additional modes 

could not be determined and included in the solution. This section 

summarizes the results of the normal mode calculations. 

Figure IV.2.4 gives the dispersion curves for the Imperial Valley 

structure in Figure IV.2.3. Figure IV.2.5 is an example of the depth 

dependent displacement eigenfunctions for three modes; the fundamental, 

the third overtone, and the seventh overtone. The mode shapes are shown 

for angular orders corresponding to frequencies of 1.0, 2.0, and 5.0 hz. 

Note that the higher overtones samole to a greater depth than the 

fundamental mode at a ~iven frequency. As more overtones are included in 

the analysis, body waves are being modeled as opposed to surface waves 

when only the fundamental and first few overtones ara considered. Since 

body wave amplitudes are of major importance in determining the strong 

motion, considering the higher overtones is essential. 
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Figure IV.2.4 Dispersion Curves for the Imperial Valley structure. 
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Examples of the depth dependent, displacement eigen
functions for the fundamental mode, and the third 
and seventh overtones. The eigenfunctions are 
selected at angular orders corresponding to frequen
cies of 1, 2, and 5 hz. Note the difference in depth 
penetration at a given frequency. 
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IV.3 EFFF.CT OF SOURCE PARAMETERS ON GROUND MOTION 

This section rlemonstrates the effect different source properties 

have on ground motion. Examples are presented to illustrate the effects 

due to the radiation oat tern of different source mechanisms, ~islocation 

rise time, directivitv, and source depth. The examples are oresented by 

wav of displacement time histories. Since displacement waveforms in 

general consist of the fundamental mode and 4 or 5 overtones, the time 

histories are low frequency and relatively narrowband. Consequently, 

phase and amplitude variations can be observed quite easily. The 

corresponrling effect on the Fourier amplitude spectrum is easily 

understood, since the time domain effect will have a well known 

counterpart in the frequency domain, due to the linearitv of the Fourier 

transform. Unless otherwise noted the rlisplacement motion in the 

1 i f t ik Ii t: i t · 1 f 1 t 1 (8 900 , examp es s or s r P,-s p mo, on on aver lca au. pane, = 

IV.3.1 RADIATION PATTERN 

The influence of fault geometry and radi.ati.on pattern for different 

earthquake source mechanisms is considered first. The fault ami 

source-site geometric factors were presented in Chapter III. For easy 

reference, Figure 111.5.1 is shown here. 

The anlO!;les 8 and A deftne the source geometry, and cP defines the 

source-site orientation. The followinlO!; focal mechan:!.sms are considererl: 
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strike-slip: 0 :: 90° A :: 0° 

vertical dip slip: 0 :: 90° A :: 90° 

dippin~ thrust: 0 :: 45° A :: 90° 

d1.ppin~ stl"i ke-s lip: 0 :: 45° A :: 0° 

fAUl! fLAIiE 

(a .) (b. ) 

Figure IlLS.l 
(repeated) 

(a.) Polar coordinate syste"1 loTi.th para
meters, r,¢,e and (b.) fault representa
tion defining the slip vector D and slip 
angle A which is measured counter clock
wise from the Xl axis a~d the di? angle 0 
measured from tfie negatlve x2 aX1S. 

The source is a point with a dislocation time function that is a r~mp 

with a 1.25 second ~ise time. The time histories fol" each case are ~iven 

in Figures IV.3.1 - IV.3.4. For each focal mechanism the aztmuth is 

varied to demonstrate amplitude and polarity variation. Note th~ special 

case when the site lies on a radiation pattern node where no motion 

exists. o 
~ee fol" example Fi~ure IV.3.1 for a strike-slio event, (8 :: 90 , 

This phenomena does not occur dUl"in~ actual 

earthquakes since P ~nd SV motion will he ~ominant at these azimuthal 

locations. Radiation pattern effects are a major component in the 
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Figure IV.3.l 
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Displacement waveforms due to a strike-slip 
event, (0 = 90°, A = 0°), observed at different 
azimuths. 
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Figure IV.3.2 Displacement waveforms for a vertical dip slip 
o 0 

fault, (0 = 90 • A = 90 ), observed at different 
azimuths. 
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analvsis to irtentifv the focal mechanism:"J of earthouakes, (Bath, 1973). 

As an example of observed seismic wave radiation, the El Centro reco!"ding 

of the 1968 Borrego Mountain event lies almost exactly on a maxima of the 

radiation pattern for SH motion and therefore the recorded motion is 

predominantly transverse, (Heaton and HeImberger, 1977). 

The radiation oattern and focal mechanism have first order 

significance on ground motion. This is predicted by theory, and is 

observed for everv earthquake. 

IV.3.2 RISE TIME 

As shown in Chapter III, a source dislocation function that varies 

as a ramp, mortifies the time rtomain function by convolution with a 

box-car. This results in a smoothing of the time history to a degree 

that deoends on the rise time duration and the frequencies of interest. 

Two examples of waveforms generated for a source with non-zero rise times 

are shown in Figure IV.3.5. Synthetics for rise times of O.~ and ~.O 

seconds are presented. The tremendous smoothing bv a 1 second rise time 

is quite clear in Fi~ure IV.~.~b. A nonzero rise time also results in a 

phase shift of - ~T. The box car function whtch describes the particle 

velocity of a point on the fault is referred to as the far field source 

function. 'rhe use of a ramo dislocation is a common aporoach but not 

unique, (Aki and Richards, 1 q80) • 

IV.3.3 SOURCE DIRECTIVITY 

The third source factor to be considered is directtvitv. This is 

the term used to describp. the influence of rupture p!"opagation alon~ a 
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Figure IV.3.5 Examples of the effect due to dislocation rise time, 
(a.) "[ = 0.5 seconds and (b.) "[ = 3.0 seconds. 
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source of finite length on the seismic radiation field. Waveform 

amplification occurs at forward azimuths due to constructive wave 

interference, contrasted by a deampli.fyine; at back azimuths attrihuted to 

destructive wave interference. Ben-Menahem (196 n first studied the 

directivity function which has the form sin x/x, as ~iven in Chapter III. 

Boo!"e and .Jovner (1978) have also sturUed directivity effects. The 

directivity function is repeated here for reference. 

(III.5.17) 

where 
L (~ _ cos¢» 
2 v c(w) 

r 

In Figure IV.3.6, taken from the paper hv Boore and Joyner (1978), the 

dependence of the rH.rectivitv factor TL on the ratio of the rupture 

velocity to the wave phase velocity and azimuth in a homogeneous whole 

space is shown. 

The directivity effect on soectral amolitudes for forward azimuths 

is to increase the amplitudes of those frequencies R.bove the corner 

frequencv, foe Fi9;u!"'e IV.3.7 presents a time domain example of the 

azimuthal effect on I'!:l.splacement waveforms. The fundamental mode and 

four overtones are used tn the calculations with a 3.0 seconl'! duration 

far fj eld. source function that is a svmmetric trian9;le. The radiation 

pattern and rise time contrihutlons are constant in these examples. 
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There is approxtmatelv a factor of '5 difference in the motion at the 

forward azimuth, ¢FO
o

, relative to the back aZimuth, 0/=180°. 

Figure IV.3.6 

viS 

The dependence of the directivity on Mach 
number and azimuth. The peak motions are 
proportional to the ordinate. Note the 
disproportionate change going from azimuths 
of 0° to 90° compared to that from 90° to 
180°. This figure is for a homogenous whole 
space and therefore does not hold for ~11 
frequencies in the present model (Boore and 
Joyner (1978)). 

As ohserve~ hV Swan~er and Boore (1918), there is a oomplex 

interaction between the ohase velocitv, c(w), and the !"upture velocitv. 

Fi~ure IV.3.8 is an example in the time domain illust~atin~ this ooint 

fo~ the fundamental mode Love waves. ThiR is similar to the freQuencv 

domain demonstration of Swan~er and Boore. There 11'l a factor of 7 

difference between the case for a rupture velocitv of 2.5 km./sec. and 

km./sec. 

Few cases have been observe~ where directivitv has been accurately 

indentified as having olaved a major role. This is due in part to a lack 

of adequate multi.ple recordings for seismic events. One event for which 

directivitv has been identified as having amplified the observed ground 
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motion is the 1979 Covotp- Lake p-arthquake, (Archuleta, 1979). 

t-
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100 

50 </> = 1800 

~- --- --

0 
</> = 0

0 

-50 

-100 
0 20 40 60 80 

TIME (sec 0 ) 

Figure IV.3.7 An example of the azimuta1 effect due to 
source directivity. The fault in this 
example was 11 km. long at 6 km. depth. 
The rupture propagated at a velocity of 
2.5 km./sec. Results for the forward, 
</> = 0°, and the back azimuth, </> = 180° 
are shown. 

IV.3.4 SOURCE DEPTH 

The depth of the earthquake source which is modeled as a point or 

line source in this wo"'k, will have a distinct effect on ~ro\lnd motion. 

How diffel"ent depths actul'I.llv effect the motion will depend a great deal 

on the ea"'th structure. For examole in CAses simi1.iar to the Impel"ial 

Va llev where there is a we 11 definer! wavep;uide, the motion is 

significantly altered if the event occurs in the wl'I.vegutrle or in the 

rell;ion below. Considel"able var:!atton in amplitude, frequency content, 

anr! dUl"ation can result. 
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Figure IV.3.8 An example demonstrating the complex 
interaction between rupture velocity and 
phase velocity for the fundamental mode. 
The fault is 11 km. long, and rupture 
propagates toward the site with the 
velocities shown. 
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Figure IV.3.9 Synthetic waveforms generated for a point source at 
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ation in amplitude between the event of 4 km. and the 
others. Also, note the large Love wave oscillations 
for the shallow (4 km.) event. 
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An example of waveform variation due to source depth is Q:iven in 

Fip;ur'e IV.3.9 foT' depths of 4, 6, 8 and 10 km. 1'he fundamental mode and 

four over'tones are used in the calculations. In this case the source 

time function is a symmetric tr'ian~le of duration O.1~ seconds. The~e is 

a pr'onounced amplitude t1iffeT'ence between the SOUT'ce at 4 km. and the 

other's. A oi fference in tl'Je amnIi tude of the Love wave osci 11 at; ons (the 

lon~ per-iod motion at the end of the time history) can Fllso he oh~erved. 

The source at 4 km. is in the low velonitv waveguide (see Fia;uT'e 

IV.2.3), thus resulting in high surface wave amolitudes. As the source 

is buried below the low velocitv laver the relative amplitude of the 

surface waves to body waves is reduced. 

IV.4 BRAWLEY ~~RTHQUAKE OF 1276 

The 1976 Brawlev event occur~ed on November 4 and had a local 

Richter magnitude of 4.9. This was the largest event of a swarm that 

occurred in ea ... lv November. 1'he event t ... iggered two displacement meters. 

the first at Imperial Vallev College (IVC) and the second in El Centro 

(ELC). This event has he en ~tudied by Heaton and Helmberger (1q78) using 

the Cal!;niarrl-deHoop technique, and by ~wanger and Boo"'e (1978) emoloYing 

the modal superpositjon "'outines of Harkrider (1964). Both methods met 

with reasonable success in modelin~ the transverse motion. In this 

section the tangential motion at both stations is modelerl and the seismic 

moment and far field sou"'ce time function is estimaterl. The specific 

attenuation factor Q, is set to 200 throughout this studv. 

IV.4.1 MODELING GROUND DISPLACEMENTS 

Heaton and Helmber~er (1978) oresented a focal mechanism solution 
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determined from the Caltech-USGS network in southern Californh. Their 

findinp;s indicate the fault dislocation w~s predominantly strike-slip on 

a near vertical plane, (0= 900
, A= 00

). Station IVC lies almost exactly on 

a P-SV radiation pattern node, thus the motion recorded was predominantly 

transverse. Statton ELC lies just 130 off the P-SV node and therefore it 

also recorded a majo~ portion of the SH motion, (Heaton and HeImberger, 

1978). Ft~ure IV.2.2 showed the earthquake epicenter and station 

locations for tMs eartl-tquake. Station IVC is 33 km. from the 

epicenter, and station ELC is 36 km. away. From the r'esults of Heaton 

and Helmberp;er (1978) the source is put at a depth of 7 kilomete~s on a 

vel"tical stril<e-slip fault. The ear'th struntul"e is the one presented in 

section IV.2. 

Fi~u~e IV.4.1 Pl"esents the step function ~esponse at each station of 

the fundamental mode and foul" overtones. The obs91"ved transverse 

displacement is shown at the top of each fig;ure. t.lote the similarity in 

the ohse~ved wavefo~ms, and in the synthetics for both stations. This is 

expected due to the p~oximitv of thE' stations to one another and the 

finiteness of the sour'ce with l"espect to the source-site distances. The 

arrival time of the direct l"av ts shown on each figul"e thus allowinp; an 

accul"ate alignment of the synthetics with the observed l"ecor'd. This 

p~ocedul"e is used thl"ou~hout this studv. 

Fig;ure IV.4.2 shows the l"esult 

function that is a symmetric trtan~le 

of 

of 

applyin~ a 

1.1)0 seconds 

far' field source 

dUration. The 

observed displacements are p;iven at the ton of each fip;ure. The 

synthetics quite clearlv reproduce the overall cl-taracter of the observed 

wavefo"'rns at both sites. AlthoUl~h some of the late!" peal<s in the 
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synthetics have early arrival times which mav be due in part to the 

earth structure used in these calculations, the waveform match is very 

good. Heaton and HeImberger (1978) in modeling the same event, have a 

first layer of app~oximately 1.0 km. t~ickness with a shear wave 

velocity of 0.88 km./sec. This is about 15~ below the shear wave 

veloci.ty in the present model. The seismic moment for the synthetics in 

Figure IV.4.2 was 4.65 x 102j C'lyne-cm which comoares well with the value 

of 3.2 x 1023 dvne-em determined bv Heaton and HeImberger (1978). Note 

that four ove~tones were requi.red to reasonablv reoroduce the observed 

motion. 

This exercise demonstrated the overall ability of the normal mode 

method to model strong motion displacements. It also served to 

illustrate the importance of the earth structure. Fo!" the frequencies 

modeled in the rHsplacement waveforms, onlv a point source was required, 

thus the earth structure almost entirely determtned the motion in this 

frequency band. The implications of this for modeling future st~ong 

ground motion in seismtc hazard analysis are important and hi!Shlight the 

inadequacv of empirical attenuation models when these do not take into 

account the earth structure. The seismic moment esti.mate for thi.s event 

23 was 4.6'5 x 10 t'lyne-cm, and the far neld source function is esti.mated 

to be a symmetriC triangle of 1.'5 second duration. 

IV.5 ~ORREGO MOUNTAIN EARTHQUAKE 

The Borrego Mountai.n earthquake of April 4, 1908 had a local Richter 

magnitude of 6.4. The event occurred on the Coyote Creek fault with 

dislocation on the fault primarily r:i.ght lateral. The displacement and 
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acceleration moUon recorded 1.n El Centro are modeleri in this studv. The 

results of Heaton and Helmher~er (1977) and ~wanger and Boore (1978) are 

used as a guide in the selection of source parameters. The intent in 

this study is not to p"esent a complete seismological study of this 

event, but to demonstrate the general capahilitv of the normal mode 

method to reproduce the observed ground shakin,g intensity at the 

recordin~ site. The displacement recording is considered first, after 

which the acceleration record and the Fourier amplitude soectrum of 

acceleration are studied. 

Figure IV.5.1 shows the epicenter and aftershock zone of the Borrego 

Mountain event and the EI Centro recordin~ station. As shown in the 

figu"'e, the recordinp; station has an azimuth of, 8°, ann tnerefore lies 

very close to a maxima of the SH radiation pattern. The motion at El 

Centro was therefore predominantlv transverse, as shown in Figure IV.5.2 

where the observed radial, transve1"se, and vert.ical comoonents of 

nisplacement as deconvolved from the Carder displacement meter are 

p1"esented. The El Centro station i~ 60 km. from the earthquake 

epicenter. Tne specific attenuatton factor, Q, is assigned a value of 

200 th"oughout this studv. 

IV.5.1 MODELING GROUND DISPLACEMENTS 

The event is modeled first as a point source at a depth of 6 km. 

with a source dislocation function that varies stepwise. This result is 

shown in Pigu"'e IV.5.3 where the contrihution of the first six modes are 

given with the sum. The step function response is convolved with two 

different far field source functions. The results of each convolution 
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Figure IV.5.1 

Figure IV.5.2 
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Nap of the Imperial Valley area showing the epi
center of the 1968 Borrego Hountain earthquake 
and location of the El Centro recording site. 
The hatched rectangular area denotes where most 
of the aftershocks occurred, (Map modified from 
Swanger and Boore, 1978). 
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Observed ground motion displacements at the 
El Centro Station rotated into vertical, 
radial and tangential components. 
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Figure IV.5.3 Transverse step function response due to a point source 
at 6 km. depth. The source is a vertical plane, with 
strike slip dislocation. 
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are given in Figure IV.5.4, with the observed ~isplacement record. The 

seismic moment estimate and the arrival time of the direct ray are shown 

on each figure. 

The synthetic waveforms reproduce the overall ch~racter of nearly 40 

seconds of motion. In both ex~mples the relative amplitudes of the peaks 

are not the same as in the observed ~ecord. Swanger and Boore (1978) 

point out the effect of the depth of focus on the relative amplitudes and 

suggest a focus depth of 8-9 km. for a point source would give better 

results. 

The source is modeled next as a propagating line with two segments. 

In the first example the line source is at 6 km. depth and the rupture 

propagates with a velocity of 2.4 km./sec. fo~ a step function 

disclocation in both segments. The segment lengths are 22 and 11 km. 

with the longer segment rupturing toward the recording site. Six modes 

are included in the solution for each segment and are shown in Figure 

IV.5.5 with the sum and the observed record. The first 6 waveforms are 

the contribution of the segment rupturing away from the site, the next 6 

are for the segment rupturing toward El Centro. Note the contrast in the 

contributions to the total motion of the two segments. This is due to 

the directivity effect demonstrated earlier, and to the fact that the 

segment rupturing toward the site contributes 2/3 of the total seismic 

moment for an assumed distribution of the moment based on source length. 

Note that the later oscillations have been lost. Figure IV.5.6 presents 

the result of convolving the stepfunction response with a svmmetric 

triangle of 3 second duration as the far field source time function. The 

match is improved over that of the stepfunction. 
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Figure IV.5.4(a.) Comparison of the observed transverse component and 
the synthetic for the step function response in 
Figure VII.5.3 for a far field source function that 
is a symmetric triangle of 3 second duration. The 
moment estimate is in dyne-ems. The arrival time of 
the direct ray is shown. 
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Figure VII.5.3 for a far field source function that 
is an inverted triangle of 4 second duration. The 
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km. long with bilateral rupture and 
the observed displacement. The fault 
was modelled with 2 segments 22 and 
11 km. in length. Rupture in the longer 
segment propagated at a velocity of 
2.4 km. /sec. tm-lards El Centro. The 
rupture velocity in the shorter seg
ment was the same. The arrival time 
of the direct ray is shown. 
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Figure IV.S.6 A comparison of the step function response in 
Figure VII.S.S convolved with a symmetric triangle 
far field source function that has a duration of 3 
seconds. Note the later Love wave oscillations are 
lost. The arrival time of the direct ray is shown. 
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Fi~ure IV.5.1 presents the stepfunction response for a much shorter 

fault that ruptures bilaterally 5 km. towarrt El Centro and 4 km. away. 

Fi~ure IV.'5.8 shows the stepfunction response convolved with various far 

field soul"ce time functions. On each fip:ure the obsel"ved record is ~iven 

along with the seismic moment estimate. Both cases reproduce the ~eneral 

character of the ohserved record. Note that in the examples presented, 

the motion is modelert artequatelV bv three or foul" modes. 

The results of modelinp: the stro!lp: motion liisplacements show no 

clear constraints on the source dimensions. A point source seems to 

model the El Centro recording as well as an extended source. The 9 km. 

length fault and the point source appear to match the ohserved motion 

equa 11 v well. On the hasis of these preliminary observations the 

suggestion by Burdick and Mellman (1976) that the Borrep:o Mountain 

earthquake was rtue to a massive ruptu"e on a small runture plane cannot 

he disputeli. Their estimate of a circu1ar rupture area, had an 8 km. 

radius anli a stress drop of 96 bars. 

The average seismic moment estimatert from the results in Figures 

IV.5.4 and IV.5.8 is 9.3 x 1025 dyne-em. As pointed out bV Swan~er and 

Boore (1918) the Carder Displacement readings are less than those 

obtained from the doubly integrated aecelerogram. Therefore the seismic 

moment based on comparisons with these liisplaeements will be 

underestimated by approximatelv 20~, (Swanp:er and Boore, 1918). On this 

basis the seismic moment is increased to 1.12 26 x 10 dvne-cm. This 

compares well with the results of Burdick and Mellman (1916) who 

estimated the moment to he 1.10 x 1026 dyne-em., and Swanger ano Boore 

(1978) 26 who found an average moment of 1.2 x 10 dyne-em. 
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Step function response for a bilateral fault 
rupture, modeled with 2 segments, 4 and 5 
km. in length. The contributions of the 4 km. 
segment which ruptures away from El Centro 
are the first six synthetics. The next 6 
synthetics are the contributions of the 5 km. 
segment rupturing towards the site. The 
rupture velocity in both segments was 2.5 
km./sec. 
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Figure IV.5.8(a.) Step function response of Figure VII.5.7 
convolved with a reversed ramp far field 
source function of 4 second duration, 
compared with the observed displacements. 
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Figure IV.5.8(b.) A comparison of the step function response of 
Figure VII.S. 7 convolved with a symmetric 
triangle far field source function of 3 
second duration, and the observed trans
verse component. 
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IV.5.2 MODELING STRONG MOTION ACCELERATION 

Also recorded durin~ the Bor-reQ;o Mountain earthquake was an 

accelerogl"am ohtainec1 at the same recording station. The acceleration 

reco!"ding was processed bv the Earthquake En~ineering Reseal"ch Labor-atorv 

at Caltech, (Tr1funac and Lee, 1973). Svnthetic acceleration time 

histories are generated for various sources and compal"ed to the observed 

motion. The Fourier amplituc1p spectra are also compared to determine 

whether the energv has been accurately dtst!"ihuted over the frequency 

hand bein~ modeled. 

In modelin~ the ground accelerations at Rl Centro the following 

approach is taken. Rased on this work and that of Burdick and Mellman 

(1976), Heaton and HeImberger ( 1(77), and Swanger and Boo"'e (1978), the 

seismic moment is assumed known and equal to 1.0 x 26 10 dvne-cm. The 

fault ruptul"e is t"'en modeled to obtain svnthetic acceleration time 

histories. These time histol"ies are compared to the ohserved data for 

phase and amplitude correlation. 

'J'l1e ftrst sou"'oe consiriered is a point at 6 km. depth with a 

dislocation rise time of 0.75 seconds. FiQ;ul"e IV.5.9 shows the complete 

synthetic and the eighteen contrihuting overtones. Note for this case 

that all modes contribute about equally to the total motion. with the 

exception of the fundamental and the first overtone. The observed 

acceleration record is shown at the top of the figure which has been low 

pass filtered wit~ a 3.5 hz. cutoff frequency to allow for a better 

comparison. Thel"e is a distinct similarity in the major arrivals of the 
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synthetic and the observed ~ecord. The amplitude of the synthetic 

acceleration is approximately an order of map:;nitude I1;reater than the 

actual record. This is due to the lar~e stress drop as~ociated with the 

point source. Comparinp:; the Fou~ier amplitude spectra of thfl ohse~verl 

and synthetic, it can be seen that the shape of the l1;enerated spectrum 

does not compare well with the observed. 

IV. 5.10. 

This is shown in Fil1;uY'f! 

Figu>"es IV.5.11 and IV.5.12 present the synthetic acceleration time 

histories for an extended source of 5 km. lenp:;th at a depth of 6 km. In 

both cases a rise time of 0.75 seconds is used and the rupture propap:;ates 

unilaterally toward El Centro for the entire fault length. In Figure 

IV.5.11 the rupture velocity is 1.5 km./sec. and in Fil1;u>"e IV.5.12 it is 

2.5 km./sec. The ohserved record is shown at the top of each fj/2:ure. A 

number of observations can he made from these examples. The ruptu~e 

velocity and phase velocity interaction is evident in the time historv 

amplitudes. The hil1;her "'uptu>"e velocity produces amplitudes about 3 

times those in the lower ruptu"'e velocity case. A comparison of the 

synthetic wavefor-ms with the ohserverl reveals that for a slow rupture 

velocity, the match with the recorded motion is not very 11;00d. The 

comparison is consider-ably better in the case of a 2.5 km./sec. rupture 

velocity. The major wave arrivals of the synthetic align extremelv well 

with those in the observed motion. The relative amplitudes of the major 

peaks compare favo"'ably to their counter-par-t in the ohserved, however the 

amplitudes of the synthetics are still an order of magnitude greater than 

the observed motion. 

Figure IV.5.13 compares the Fourier amplitude spectra of the 
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BORREGO MOUNT~IN E~RTHOURKE 

100 

observed 

synthetic 

FREQUENCY (hz.) 

Figure IV.5.13 A comparison of the observed Fourier amplitude 
spectrum and the synthetic spectrum produced 
by a fault of 5 km. length that ruptures 
unilaterally toward El Centro. The rupture 
velocity is 2.50 km./sec. and the rise time 
is 0.75 sec. 
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synthetic in Figure IV.5.12 and the obse1"'ved recol"d. 'l'he spect1"'al shaoe 

has been imp~oved considerably over the stepfunction response with the 

introduction of a propagating source, but the amplitudes ~1"'e 

significantly hip;her than fo1'" the obse1"'ved. This is due to the hil1;h 

stress drop co~responding to the event. If the source is rectan~ular, 

ann the length is assumed twice tl'}e width, (Gelle1"', 1976), the averaC!;e 

stress dl"op would be about 1280 bars. This is an un1"'p.alisticallv hiQ;h 

value fo1'" the averaC!;e stress nl"oP, (Kanamo1"'i ann Annerson, 1975), as the 

accele1"'ation motion reflects. 

The next source invp.stigated consist~ of a bilate1"'al rupture wl'}ich 

ruptU1"'eS 5 km. towa1"'d and 4 km. away f1"'om the 1"'eco~rlinp; station. Tl'}e 

ruptul"e velocity was 2.S km./sec. with a risp. time of 0.75 seconds in 

both seC!;ments. The 'H'aveform 1.s shown j n Figul"e TV. '5.14 'rli th the observed 

acceleration. Thp. compal"'i son is a rora in vervp;ood. The mR,;Ol" wave 

arrivals are matcl'}ed well fo~ app~oximatelv twe~tv ~econds. Comoaring 

the synthetics :l.n Figure IV.5.12 and IV.5.14, it is noticed that there is 

very little difference between these results. This indicates the stronp; 

directivity effect leading to the domination or the motion hy the segment 

ruptu"'in~ towarn the 1"'ecordinp; station. Figu"'e IV.5.1~ compares the 

Fourier amplitude soectra of the synthetic and the 1"'ecorderl waveform. 

The soectral amp} itude!'l are sti 11 significantly 1ar.l1;e1'" than those fo1'" the 

observed record. The average st1"'ess d1"'OP associated with this event is 

219 hars. 

It is appa1"'ent f1"'om the sYnthetics ~ene1"'ated to this point, that the 

motion is ~overned to a considerable ne~ree by the earth structure. This 

appeArs to hp the case, since fo ... nearly every source modeled there Are 
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BORREGO MOUNT~IN E~RTHOU~KE 

synthetic 

4 

FREQUENCY (hzJ 

Figure IV. 5.15 A comparison of the observed Fourier amplitude 
spectrum and the synthetic spectrum for a fault 
with bilateral rupture. Two segments of 4 and 5 
km. rupture away and toward the site respectively. 
The rupture velocity is 2.50 km./sec. and the 
rise time is 0.75 in both segments. 
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distinct arrivals of certain phases. This waR t"'ue fo'" the point source 

as well as the extended sources. The t:!i."'ectivity effF>.ct is very evident 

in the examples fo'" an extended 50U1"Ce. 'J'l1e difficulty in obtaininll: a 

solution rests in the ahilitv to resolve the sou1"ce characteristics, 

namely, the source dimensions, ruptu~e velocity, rise time. and depth. 

Fo'" a sinl2;le station, located at almost a zero azimuth, this task is 

particularly difficult. Since the st"'ess drop is prooo,..tional to 

acceleration, the acceleration amplitudes can "'educed hV a 

corresoonding decrease in the average stress c1"'op. Fo'" a l2;iven seismic 

moment, this is accomplished bv increasinll: the dimensions of the ruotu"'e 

area. The examples to follow take this into aCl'!ount, alo!lll: with the 

effect of source depth. 

Figure IV.5.16 presents an example of fou ... event~ with the same 

SOUl"ce charactel"istics hut buried at depths from Fi to Q km. The source 

is 13 km. 10nQ; and is morteleri wi. th hlO M~ments. A 7 km. sep;ment 

ruptu"'es toward El Cent ... o and a 6 km. se~ment ruotll"'es away. The 

rupture velocity anrl rtse time are 2.7 km.lsec. and 0.75 seconds 

respectively in both se~ments. The increase in deoth has the effect of 

reducinl2; the amplitudes of all waves, in oa ... ttcular tl1e later su ... face 

wave oscillations. However bv :inc ... easin~ the fault dimensions, the 

wavefo"'m amplitudes have been r~ducert hut are still quite a hit hip;her 

than those in the ohserved record. 

Fh.:ure IV. 5.17 presents two syntheti cs to test the effect of low 

rupture velocities for the sel2;ment ruptu"'inp; towarc1 El Centro. The 

rupture velocities are 1.90 and 2.1 km./sec. The fi.rst observation to be 

made is that the slow ruoture velocittes ... esult i.n Ii lenl2;theninp; of the 
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majo!" peaks, anrt a cOl"'responriinp: decrease in the wave amplitudes. 

BasicalJv tl-)e !'llow rupture results in a loss in the character of the 

sYnthetic waveform. This suggests that for tl1e serz;ment "'upturing toward 

El Centro, a ruptu"'e velocity greater th1'ln 2.1 km./sec. is indicated. 

This lower bound 1S similar to the value sllgge!'ltert hV Swanger and Boo"'e 

(1978) in their study of ground displacements. 

The next group of sYnthetics considerert are for faults of 

increasingly longer rupture lenghts. These examples are set up based on 

the p"'evious "'esults that see~ to indicate that a single line source be 

placed at a rtepth of 6 - 7 km. and that a relatively short segement of 

ahout 5 km. 

motion. 

lenp;th ruoturinQ: towarrt Fl Centro !"lominates the observed 

The results shown in Figure IV.~.18 attempt to obtain a reasonable 

amp1itude match with the obSf'rvert reco"'d. As the segment that "'uptures 

away from El Cent"'o .is increaseo in length the amoliturtes improve. Due 

to the dest"'uctive interference of the rtirectivitv effect, the changes in 

ruptu"'e velocity or leng;th of the segment ruptu"'inrz; away does not effect 

the motion as recol"'rted at El Centro. The hest amplitude-phase match i.s 

for the c1'Ise of a 55 km. fault where a 50 km. segment ruptures from the 

focus to the north. 

A comparison of the Fourier amplitude spect"'um of the observed 

record and the synthetic l.ndicates that the shane and spectral values 

match reasonably well with tl1~ observerl. This is shown in Firz;ure 

IV.5.19. 

The examples oresented in this sectlon rlemonstrate the str On/1; 
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Jligun' lV.').19 /\ cClmpari~;\)l1 of the Fourier amplitude spectra of the observed 
record and the syntlwtic, for a fault that ruptures 5 km. 
toward 1':1 Ccntro and 50 km. away from the site. The rupture 
vl~locHy and rise limp arc 2.5 km./sec. and 0.75 sec. 
respectively. The ohsprvcd spectrum has been smoothed. 
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sensitivity of the acceleration motion to the rtetat1.s of the fault 

rupture. As expected, the ruptul"e velocity, (jil"ectivitv, and the average 

stress drop are the dominant factors. Baseo on a sin~le station 

recordin~, efforts to resolve these factol"s are quite constl"ainerl. 

Results based on acceleration amplitudes su~~ested that the fault 

ruptured for a lenll;th of 55 km., but are in no way conclusive. 

T"lp study presented WRS intended to oemonst!"ate the ahiHtv of the 

normal mode method to model stronp; p;round motion. The ohservations of 

p"evious investip;atot"s have been used tht"oup;hout this study in selectinp; 

source parametet"s. 

Iv.6 SUMMARY 

This chapter oresents results usinp; the no"'ma] mode method rlesct"ibed 

in Chapter III. The Imperial Vallev st"'ucture was chosen as an 

appropriate region for this study due to the excellent infot"mation on the 

Impe"'ial Vallev structure and the availAbilitv of stt"on~ motion data. 

Fffects on stron~ motion due to radiation pattern. foca1 mechanism, rise 

time, directi vitv, and sou"'ce (jepth were ~iven. These factors 

demonstrated the variatton of p:round disolRcements due to different 

oroperties of thE'! seismic source and sou"ce-sitE'! p;eomet .. v. 

TWO earthquakes wel"e cons; tiered to show the caoah11 i. tv of the 1'1 orilla 1 

mode method to model stron~ ground motion, these wel"e the 1976 Brawlev 

earthquake and the 1968 Borrep;o Mountain event. Fo'" both events the 

ground displacements were modeled, and fo" the Bo"'rel2:o Mountain 

earthquake p;round accele"'ation was also consirter-en. Fo" the Bl"awlev 

earthquake a point source was used to "'ep"oduce the overall character of 
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thp oh~pY'vf>rl rnsplacements. 'T'hf! seismic moment esttmaterl for this event 

?C) wag ~.~ x 10 rlvne-c~. This event not only served to rlemonstrate the 

caoahilitv or thf> normal mode method to Y'eororlucp recorded stron~ motion 

d1.splacemp.nt:'3, hut also clearly showed the imoortancfl of thE! earth 

Thp. Ro"'reg,o Mountain parthqual{p. serverl to demonstl"ate the importance 

of the earth structure as well as the "lil'l,nifjcance i.n beinp; able to 

define the details of the source whfln modelinp; hi~h frequency motion. 

This event provided an opportunity to morlel p;round accelerations as well 

as disolacements. A seismic momflnt of 1.12 x 1026 dvne-cm is estimated 

from the rlispl<'1cement synthetics fo'" this earthquake. 

The results of modelin~ the acceleration motion indicate the extreme 

"len"littvity of the w<'Iveform amplitudes to stress 0"'00 and "'uotu"'e 

velocity. ~o\P'''ce directivity played <'I major role in ~eneratin~ synthetic 

hav1n~ the prope ... Dhase and rp.lative amplitude match. 

Morlelin.1:l; thf" accelf>ration moUon made 1t oossihlf" to ohtain em f"stimate 

of the spatial extf"nt of the fault "'upture which could not be 

accompl1shpd in modelinR thf" displacement motion. The prelimi.narv 

results of tl-Ji:'l studv sugP;f"st that the motion ohserved at El Centro W(\S 

riomim'lted hv thl'> rupture alonp i'l sinp,le fault sep;ment that ruotu"'ed 

tow~rr1 the recordIng sti'ltion. This ser,ment is estimated to be 5 km. 

lonp;, And the ... uptllY'e vp10citv is Clpp"'oxim'ltelv 2.') km./sec. A lower 

hound on the l"'lIptllrp velocity of 2.1 l{m./sec. is sUI1;p;este<1 for this 

seu;ment. With dRtR from 1ust onf" recor<1inp; station it becomes very 

<1ifficult to rf"solve anv details of thp ruptul"p as it prooap,ates away 

from thp sit.f>. A~ i'l reslllt the solution oresenterl is not very well 
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constrained. The excellent match of the wavefo~m phases emphasizes the 

first order importance of the Imperial Valley structul"e on future effol"ts 

to p~edict stron~ ~rounrl motion ann sll/2:l2;est that modelinl', p;rounrl 

accelerations may be well suited to resolve source dimensions and rupture 

characteristics. 
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CHAPTER V - MONTE CARLO SIMULATION OF 

STRONG MOTION ACCEL~RATIOM 

V.1 INTRODUCTION 

This chapte~ describes t~e Monte Carlo simulation emoloyed to 

generate ohse!"vations of the earthquake process discusserl in Chapter 

II. This app .. oach 1.s similar to the one usp.d bV Boo .. e anl1 .lovne .. (1Q78), 

and Savv (1978), to generate realizations of a stochaRtic ruoture proceSR. 

Monte Carlo simulation is a real'stic methorl to ohtain numel"icallv, a 

statistical sample froT'! a probahilisti.c model that mav he ext .. emelv 

complex or imoossible to solve analvticalJy. Simulation mav in some 

cases he the only means to obtain R solutton. The other topiCS to he 

addressed in this chapte~ are the description of the random va .. tRbles of 

the process, the statistical information available ahout these variahles 

and their assumed probability distributions. 

The simulation presented in th.i.s studv can he use'" for a number of 

applications othe~ than the one discussert .i.n Chapter IT. Fo~ example, 

the abil1.ty to generate an ensemble of l"ealistic acceleration time 

histories at a site due to a maxiT'!um credible event, would be one such 

application. This capabilitv mav be pa,..ticularlv arlvantap;eous for 

specil'11 structures such as nuclear power plants, LNG facUtties, etc. 

V.2 MONTE CARLO SIMULATION 

The problem of interest in this wo"k is to determine the derived 

distribution of a variable(s) w~ich is a function of a numbe~ of random 

variahles. Monte Carlo simulation is an aUe1"native solution technique 
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that can be use1 to "solve" ~uch problems. The cost effectiveness of 

modern computers makes simulation a reasonable and practical alternative 

in many applications. 

The concept of simulation is one of sampling a sufficiently large 

number of times from the prohahilitv distributions of the functionally 

independent vari.ahles to ohtain observati.ons of the dependent variable, 

given their functional relationship. The term sufficiently large 

theoretically means infinity, hut in practical applications the number of 

similations is usually chosen basen on the degree of accuracy needen. A 

simulation therefore constitutes a set of experiments, which if repeated 

an infinite number of times would produce a histo~ram that is exactly the 

probability distribution of the dependent variable. 

During the experiment a ranl'iom sample is obtained from the 

probahilitv distribution of each independent variable. Sampling; from a 

prohabilitv l'iistrjbution is carried out hv obtainin~ a set of random 

numbers that are mapped thl"ough the cumulative distrjbution function of 

the random vartable of tnterest. This is usually done bv choosing random 

nUlllbers from a table, (AbramoHitz and Stegun, 'Q72), or asp;enerateri from 

a computer a 1 gol" ithm , that a!"e equally likelv (Uni f'ormly distributed). 

The Uniform ... andom variable js then related, or mapned by a matl1ematical 

function, into the random variable of interest. 

Mathematically, foT' continuolls v8.riahles, samplinp; from the 

prohabiltty distribution of a random variable x, can be defined as 

follows. Let, 
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and 

p [x < x ] 
- 0 

1 o < y < 1 
- 0-

(V.2.1) 

Since samples of Y ar!'! Unifo~mlv distrihuted, th!'! prohl!'!m is that of a 

derived distribution to map v into x. What ls "'eqllired, therefore, is a 

function, ~(y), such that, 

x g(y) 

(V.2.2) 

where the function ~(y) rep~esents the one to one transformation o~ 

mappin~ of y into x. 

To sumlM.rize, samplinp; from the ol"ohahi.litv dist.~ihution of a random 

variable l"equires the abilitv to ~enerate or ohtain samoles of a 

Unifol"mly dist"'ibuted random variable ;=tnd a functional l"elationshio 

describing the mappin~ to the random variable of interest. 

V.3 STOCHASTIC FAULTING PROCESS 

Seismic occurrence models, such as Poisson or Mal"kov moriels descrihe 

the distribution of seismic events in time. The method presented here is 

conditional on the occurrence of an event, therefol"e the size of the 

earthquake is assumed known. The extension of the moctp.l to the total 

seismic hazard simply involves i.ncludinJr. the eVf'nt siz!'! as a random 

variable, (Savy, 1978). This discussion is also 1 imited to a si.np:l!'! 

seismi.c sou"'ce. Once a~ain considerin.~ more than O!le source in the 

hazard model involves a summation of the hazard dlle to pach source, (S"lah 
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et al., 19715). Hith this introduction, the Monte Carlo simulation heg;ins 

wjth the followin~ known info"'mat1on: the seismic source and all 

info~mation needed to rtefine it geometrical Iv. the seismic moment, and 

the site location. Fip;u~e V.3.1 Dresents g .... aohicallv the inDut just 

described. 

Figure V.3.1 

M (seismic moment) 
o 

(a.) plan vie\v 

per) 
v (r) 

s 
v Cr) 

p 

/' 

(b.) cross-section A-A 

A view of the problem input as consid
ered in this work, (a.) plan view 
defining the seismic source, event 
size and site location, and (b.) a 
crossection defining the fault f,eometry, 
and earth structure. 

RANDOM FAULT SEGMENTS 

Chapter lIT presented the method for determining the Fourier 
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transform of acceleration due to a single fault se~ment rupturin~ along a 

line source. The form of the solution due to the complete fault rupture 

is the sum of the individual segment ~ontribut10ns, where the fault is 

modeled as a series of line se~ments at constant depth. These se~ments 

are called coherent segments, (Beore and Joyner, 1978; Savv, 1978), 

meanin~ along their length, the random variables of the fault .-upture are 

constant. 

The concept of intl"oducinp; randomness into the desc .... iption of the 

fault or rupture process is not new, (Hasl(ell, 1966; Boo"'p. and Jovner, 

1918; Kanamori, 1919). The hasic theme is to tal(e into account in 

dislocation models, the roughness 0.... soatial val"iation of frictional 

resistance a10nfl; the fault, Nul" (1Q18). 

Befol"e the fault segments can be desc .... ihed, the .... egion on the fault 

plane that ruptu .... p.s must be identified. The fault has he en modeled as a 

dipping olane descl"ibed hv the location of its su .... face st .... jke, and dip 

In seismic hazard analysis it is generallv assumed that the 

occurrence of an event is equallv likelv at anv point on the fault. If 

different pal"ts of a fault exhibit varvinl7, levels of seismicitv, the 

fault is often divided into separate seismic soul"ces. The 3ssumptton of 

equall" likelv occurrence is also made hel"e, therefore the center of the 

fault area to rupture is assume~ to be Unifo"mlv di~tributed a10n~ t~e 

fault len9;th. 

Kanamo"'i and Anderson (191'5) have looked at d~ta l"elatinfl; seismi.c 

moment and average stress drop to ti1e a"'ea of ruptu1"e. Fo'" a constant 

stress dl"oo, log (3) 'V 2!'=l loll, Mo ' where S is the rupture area ~nd Mo is 
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the seismic moment. In their study, events were grouped according; to 

whether they occur!'ed on faults that are inter-plate fault~, that is thev 

are houndarie~ he tween major tectonic olates 01" intra-olate, meaning the 

fault lies wtthin a plate. 'rhev found that events occurroin~ on 

intero-plate faults have avera/2:e stress droos of anout 30 bars. Similarlv 

intra-plate events ha~ an average stress drop of around 100 bars. Fo~ 

those events not helongin~ to either /2:rouo, an avera~e st!'ess drop of f'O 

ha~s was sUQ;~estp.d. For an assumen stress drop ann seismic moment, an 

estimate of the ~uotu~e area is ohtained from the relation derived hv 

Kanamori and Anderson (1975). 'rhe rupture area is estimated according 

to, 

log (S) = ; [log (Mo) - log (C60)] (V.3.1) 

, ... here 60 is the average stress drop and c i.s a ~eometric facto!' depending 

on the sl'lape of Pie rupture area. In this worl<: strjke-slip events are 

considered, therefore equation (V.3.1) hecomes, 

log (S) (V.3.2) 

where Ar i.s the aspect ratio of ruoture width to lenQ;th. Geller (1976) 

has shown empirically, with considerahle scatter, that the asoect ratio 

has a mean value of 1/2. Since, as Geller points out, no distinction can 

he made between inter and intra plate events, the asoect ratio is 

constrlered ranflom, amI Uniformly distrihuted between 1/3 and 2/3 with a 
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mean of 1/2. Fo!' a realization of the aspect ratio, tl1e rupture area 1s 

determinen, since, M , an~ ~a are hoth known. 
o 

From the location of the center of the r-unture zone on th~ fault, 

and the rupture area, the bounds on the rpgion of fault riislocation is 

defined. From this point the fault segm~nts can he l2:enerated. After 

Boore and Joyner- (1978), the coherence len~th of a segment is taken to 

follow the exponential probability law with parameter The 

exponential probahility density function is ~iven as, 

The mean coherence length is 11).,£. A ma'l('lmllm value of the sf'!l2:ment length 

is set, thus tr-uncatin~ the above distribution. Beginning at one en rl of 

the fault, segments 

determined from the asoe0t r-atio. 

The moment cor-responding: to each fault sel1,ment is o"'oportjonal to 

its area such that, 

M 
o 

M 
O. 

1 

all 
segments 

L 
i=l 

s. 
1 

M 
S 0 

M 
o. 

1 
(V.3.4) 

The result of this part of the simulation is shown in Fi~u"e V.::!.?. 

145 



fault plane 

1,,.... ,_ _ center 
\\1. segmentlIti rupture area 

C!fi ~ /=0 
4Li~ 

Figure V.3.2 A view of the fault plane divided into 
a series of random fault segments. For 
each segment the rupture velocity and 
dislocation rise time is also generated. 

V.3.2 RUPTURE VELOCITY AND RISE TIME 

Geller' (lg7fi) h~s cl'lr"'i.erl out 1'1n emnid~1'11. stllnv of a number of 

morlerate anrl l~H'p:e eRrthQuakes. F"'om th~t stuny an averall;e v8.lue of the 

1"uptu"'e ve loci tv of 0.72 S was founrl, wherF! f3;!'3 the s"p.aT' wavl'>, ve loci tv. 

The1"e is consirier1'1hle variation in obse"'ved ruptu"'e velocities with no 

he Unifo ... mlv rlistri.huterl from O.E:;S to 1.0S. 

Geller (1916) 1'11~o sturlied the rlisIoc1'1tion "'i~e ~ime, anti hased on 

cP'1"tain ~ssumntions "''''laterl it to the ruotu"'e area of tl1e f<'lllit. This 

scalin~ law "'elationship is givp.n as, 

T = 
16 . Sl/2 

7 3/2 . f3 
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where S is a~ain the rupture area and S thp sh~a~ wave velocitv at the 

source, and T is the mean rise time, of a Uniform nistrfhution. Fo'" ~acl-) 

fau!.t segment a value of the ruptu"'e velocity anti ~ise ti.JI'Ie arp selecten. 

V.4 EAR~HQUAKE FOCUS 

Tl-Je ooint of rupture initiation or focus of the earthquake is 

assumed to occur with equal likelihood at anv point ~lo'1ll: the length of 

rupture. The depth of th.e focus is somewhat more const!"ained in thr:jt 

shallow strtke slip events are motieled in t"is worl{, and to ensure 

reasonable frequency information fo!" the 1A mones generated in Chapter 

IV. The depth of focus is also Uniformlv riistrihuted, r"'om 4 to 8 

kilometers. This is an assumption of t"is work, hut one which cmlin he 

relaxed bv tncludin~ highe!" mories. 

V.5 DISCUSSION 

The p"'ohahilitv rlist"'ibutions on the random variables neSC"'iberl in 

the previous sections have heen developed based on ~eadi'v availahle 

published results or standard assumntions use~ in seismic haza~n 

analysis. Specificallv, the works of Geller (1 0 76) and Kanamo~i and 

Ande~son (1975) have been userl to estimate source 'O"'operti.es. This 

info"'mation is quite general in that no specific fault or tectonic region 

was considered. This section discusses hriefly mo"'e refined asoects of 

tip-fini np: il"1fo~mation ahout the faulting o~ocess. 

The p"'ohahilitv dist!"ihutions efTloloveri in the present model were 

based on p:ene~alized "'esults o~ scalinQ; laws, and common "issumptions 

based on little or no information. HO'.<1ever , for pa"'t icular re!l;ions or 
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fo'" a paY'ticlll~r fault, there may in fact be consiriel"able information 

avallahle. Tl-Jis statement is oarttcularlv true foY' \rariables such as the 

loc~.tion of the runture zone, focus location, state of st"'ess on the 

fault, etc., (Seih, 1979). The methons to obtain ancl refine this type of 

info"'mation have inc"'easeri sip;nificantlv ].n "'ecent Vf>ars, oarticularlv 

with the inte~est in earthQuake o"'eoiction. Similarly, as the numbe'" of 

Y'eco"'oed stronp; motion eve!'J.ts incY'eases, for a oarticular fault or fault 

svstern, the oossihilitv of refinerl, souY'ce soecifi.c information on 

rivnamic fault prope"'ties ;s quite possible. Wit", improverl information 

mO"'e realistic o"'ohahilitv riensitv functlons will be rleriverl. 

This state of affai"'s may require a more rletaileo rievelooment of the 

o"'oh~hilitv rlist"'ihutions on t.he> Y'andom v8"'iables of the ea"'thQual<e. The 

llse of Bavesian analv:=;is to sort and combine the many oos$ible sou!"ces of 

information may be a possibility in the future. 

V.6 TOTAL MOTION DUE 'T'O A FAULT RUPTURE 

The motion at the site is the superposition of the effects oue to 

in<11 vidual fault sel1;ments. The total motion is then a double summation 

ovel" the numhe'" of modes, and Re~ments. Recall there is an implied 

summation over anp;ular orne!" as discllssed in Chaoter III. 

(IIT.~.18) this is, 
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where: 

A(w) 

c .(W) 
J 

c. (-w) 
J 

c. (w) 
J 

u. (w) 
J 

Tk 

nseg modes 

(V.6.1) 

k=l j=l 

(sin(TL w /2» 
k 

T 
Tk Lk WI"k 

exp(-iW(t
rk 

+ 2 + -2- ) exp(- Qu(w) .) (T
L 

w /2) 
k 

= 1 (PkP~(W) + iqkQ~(W» 
Isin8

k 

exp(-i f ) exp(-iwa8k / cj(W» 

* c. (w) 
J 

W > 0 

W < 0 

th 
rupture velocity (km/sec.) in the k segment 

phase velocity (km/sec.) of the frequency w 

= group velocity (km/sec.) of the frequency w 

th -= geometric factor for the k segment 

excitation coefficients corresponding to 

h .th d tie J mo e 
th 

directivity factor for the k segment 

Lk 
( 1 cos<Pk 

= -- c.(w) ) 2.0 vr
k J 

rise time for kth segment 

th 
trigger time for k segment 

th 
distance(km.) from the S6urce to the k segDent 
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th = distance(radians) from the source to the k segoent 

Q specific attenuation factor 

th 
length of the k segment in k~; 

a radius of the earth 

source-site azimuth (radians) for the kth segment 

~ote that the e~rth's daMpin~ has been included in eq. (V.6.1). For 

each simulated event eq. (V.6.1) is applied, ~eneratin~ a realization of 

the Fouri.er t"'ansform of accelerati.on. 

\T.7 SUMMARY 

'1'0 summarize the simulat ton process, Fi. v,ure V. 7.' is a flow cha1"t 

indicatinll! the st",ps followed. The result, as described in ChaptA1" II, 

is the likelihood function on rms acce1eration at the site, and an 

ensemble of soect1"al shape fUnctions r"'om which the probabilitv 

distributi.on on soectral amplitude is deriverl. 
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Monte Carlo Simulation 

I. Begin loop on 
the number of 
simulations 

I 

II. Determine rupture area given, M , 
/10 and, A 

0 

r 

J 
III. Simulate fault segments from fx,Q, (~), 

and rupture velocities and 

rise times for each. segment 

I 
IV. Sample the focus 

loca tion 

I 
v. Calculate Fourier transform 

of acceleration using Eq.V.6.l 

I 
VI. Calculate statistics 

for rms acceleration 
and N(w.) 

J 

Figure V.7.l A flmvcha rt indica ting the Mon te 
Carlo simulation procedure. 
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CHAPTER VI - PROBABILISTIC APPLICATIONS 

VI.l INTRODUCTION 

This chapter presents numerical results for the probability model 

presented in Chapter II. Results are also presented from a sensitivity 

study that identifies, in a stochastic setting, the dependence of the rms 

acceleration, frequency content, and time histories on the source 

parameters. An example applying the Bayesian model is presented first, 

followed by the results of the sensitivity study. 

VI.2 BAYESIAN PROBABILITY MODEL 

In Chapter II the problem of interest was defined according to 

knowledge of the seismic source, the seismic moment of the event, and the 

site where the ground shaking hazard was to be determined. An example is 

presented based on input of this form to demonstrate the use of the 

Bayesian model. 

Figure VI.2.1 presents the source-site geometry and earth structure 

for the event to be modeled. The parameters of the event are summarized 

in Table VI.2.1 along with the variables to be used in the Monte Carlo 

simulation. 

The Bayesian analysis proceeds in the following way. The stage I 

analysis provides a posterior estimate of the mean rms acceleration based 

on the strong motion data. This probability density function was 

denoted, f~(~). Proceeding with the stage II analysis, the stage I 

posterior represents the prior information and is denoted, f2(~)' 
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site 

site 

60 km. 

center of rupture area 

1£ 25 kill. >I 

(a.) plan vievl 

FAULT 
TRACE 

Imperial Valley 
earth structure 

/ 
3 . / 2 P gm cm. v km sec. 

s 
123 2 4 6 

60 km. 

5 kn. 

depth 

Figure VI.2.1 

(b.) crossection vie,,, 

Geometric and earth structure input 
for an example of the Bayesian 
probability model. 
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Therefore the stage II prior information on the mean rms for an event of 

this size, is given by an attenuation curve similar to that presented 

by McCann (1980) for events with a seismic moment on the order of 1026 

dyne-em. The prior input is summarized in Table VI.2.2. Recall that the 

prior distribution on the mean rms is approximated by a Normal 

distribution, therefore the prior probability density function in the 

stage II analysis, f~(~), is N(24.66, 5.29). 

Table VI. 2.1 

Parameters of the Example Problem 

Seismic Moment: 5.0 x 1026 dyne-em. 

Source-site distance: 60 km. 

Fault Type: inter-plate, ~cr = 15 bars 

Fault dip: 

Variables Used in the Monte Carlo Simulation 

Focus depth (km.) 

Ruptur~ vel=ci:y (fract. of the 
shear "\"'lave velocity) 

Aspect ~atiQ (width/length) 

Coherence length (km.) 

Mean 

6.5 

0.75 

0.5 

5.0 

~1aximum number of fault segments 10 
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Range 

5 - 8 

0.5 - 1.00 

0.4 - 0.60 

0.0 - 10.0 



Table VI. 2.2 

Summary of Prior Information 

E[tn(rms)] = a. + B t n(dist) 

a. = 6.804 

8 = -0.928 

n = 14 

2 
0.625 

(J ylx:60 = 
2 

0.045 (J E[ylx:60] = 
E [rms60 ] = 24.66 cm/sec. 2 

17.01 cm/sec. 2 
(J [rms60 ] = 

o-r,..,ms ] = 5.29 cm/sec·. 2 
L- , .. 60 

Table VI. 2.3 

Results of Monte Carlo Simulation 

no. of simulations: 

z: 

0- • z· 
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For the parameters in Table VI.2.1, a Monte Carlo simulation was 

performed to generate observations of ~round motion due to a stochastic 

fault rupture. The results of the simulation are given in Table VI.2.3, 

w 
0.. 
cr 
:r: 
(J) 

-.l 
CI 
Q:: 
r-
U 
w 
CL 
0") 

ME~N SPECTR~L SH~PE 
4r-------~------,-------_r------~------~ 

3 

2 

Il'jl~ 1 
t~i;Pi' , ij""l 
~ l' ~, 

:.:t ; 
(; 

0 1 2 3 4 
FREOUENCY (hz ~ ) 

Figure VI.2.2 The mean power spectrum shape for 
the simulation parameters in 
Table IX.2.1. 

5 

and the mean power spectral density shape is given in Figure VI.2.2. The 

likelihood function, denoted L(zlw), has a mean and standard deviation of 

70.17 and 3.40 cm/sec. 2 respectively. Recall that the variance of the 

process was assumed known and equal to the variance derived from the 

stage I analysis. Thus the likelihood function, is 

N(70.11, 3.40). The posterior distribution on the mean rms acceleration, 

which is also No~mally distributed, is determined from Baves theorem and 
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is found to be N(57.56, 2.86). Note the significant effect the 

additional observations have on the expected value of the rms. This new 

estimate is a weighted value based on the uncertainty in the mean value 

from each source of information. In this example the variation in the 

likelihood estimate of the mean is lower than its counterpart in the 

prior. As a result the updated estimate of the expected rms value is 

significantly influenced by the likelihood information. This is shown 

B~YESI~N ~N~LYSIS 

,L 
~ • .L I 

I 
! 
I OJ ~~ ________ ~ __ ~ ______ ~ ____ -'~~~ __ ~~ __ ~ 

10 30 50 70 90 

Figure VI.2.3 The Stage II Bayesian analysis for the example 
described in the text. Note the significant 
effect the likelihood function has on the 
posterior probability density function. This 
is an illustrative example and not meant to 
represent an actual case. 

graphically in Figure VI.2.3. 

The marginal distribution on the rms acceleration is determined 

using eq. (II.4.4). This distribution is also Normal with a mean of 

57.56 and a standard deviation of 23.16, each jn units of cm/sec. 2 The 
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final result derived from the probability model is the probabilist1c 

power spectrum as defined by eq. (11.4.5). For assumed independence of 

the spectral shape and the rms acceleration, the expected value of the 

power spectral ordinates and their variance can be determined by the 

following relations, 

E[S(w.) 1 2 
E[N(w.)] E[rms ] 

J J 

2 2 2 ] ? 
E[S (w.)] E [(rms ) E [N- «(0.) ] 

J J 

? 2 
0- (S (w.» E[S (w.)] E[S«(o.)] (V1.2.1) 

J J J 

The complete distribution, f(S(w
1
», is determined from a numerical 

integra tion of eq. (II. 4.5) . 

VI.3 SENSITIVITY STUDY 

Of major importance in applyin~ the model developed in this work is 

to understand the degree of sensitivity of the rms acceleration, 

duration, time histories, and spectral values on the input parameters. 

Examples are presented to consider the effect when the source parameters 

are varied. A standard case is defined, then each parameter is altered 

individually to identify that parameters relative effect. Examples of 

time history realizations and Fourier amplitude spectrum realizations are 

given. 

The results of the simulation are provided in Table VI.3.1 where the 

source parameters are defined in terms of example number 1, the standard 

case. After the first case, the parameter list identifies the variable 

that has been changed from the standard. The nominal case is the one 
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shown in Figure VI.2.1 with the parameters listed in Table VI.2.1. The 

simulation results are summarized by the mean and standard deviation of 

the rms, the mean spectral value at frequencies of 1.0 and 

the range of the strong motion duration as determined using 

developed by McCann (1980). 

2.0 hz., and 

the method 

Figures VI.3.1 - VI.3.1 present time history realizations for each 

simUlation case, and Figure VI.3.8 is the corresponding realization of 

Fourier amplitude spectra for the first case. The functions plotted in 

these figures have been normalized. The simulation results indicate the 

strong dependence of ground acceleration on the average stress drop, 

rupture velocity, and station azimuth. From these results and the 

example in the previous section it is recognized that the use of the 

model in applications will have to be studied in depth to calibrate its 

use for a given region. 

VI.4 DISCUSSION 

As demonstrated in Chapter IV, and further recognized in the 

simulation results of this chapter, the waveform amplitudes are very 

sensitive to the details of the fault rupture. The rupture velocity, 

stress drop, and source directivity appear to have the greatest effect. 

The stress drop describes the source strength in the frequency range 

where accelerations are dominant. The effect of stress drop was 

recognized in Chapter 

El Centro during the 

IV in modeling the acceleration motion recorded at 

Borrego Mountain earthquake. Similarly, the 

significant effect of source-site azimuth and rupture velocity - phase 

velOCity interaction were demonstrated. These factors can result 
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SIMUL~TION RESULTS 
lOOr-r-----~~-----,-------.------~--

-100 
o 20 40 

TIME (sec 0) 

60 80 

Figure VI. 3.1 TiNe his tory real iza t ions for simulation case 1. 
The vertical scale is arbitrary in Figures IX.3.1 -
IX.3.7. 
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Figure VI.3.2 Time history realizations for simulation case 2. 
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Figure VI.3.3 Time history realizations for simulation case 3. 
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Figure VI.3.4 Time history realizations for simulation case 4. 

164 



ru 
'* *' <> 
() 
(l) 
(J) 

...... 
E 
() 

o 
>-I 

c: 
e::: 
w 
..J 
W 
U 
U 
CI 

SIMULATION RESULTS 
1 00 ~-r-"""----'------I 

50 

I 
Gi-

I 

-100 

----------------~-.----------------

o 20 40 
TIME (seco) 

60 80 

Figure VI.3.5 Time history realizations for simulation case 5. 

165 



ru 
'* '* o 
o 
ill 
(J) 

........ 
E 
o 

l
CI 
0:::: 
W 
....J 
W 
U 
U 
IT 

SIMUL~TION RESULTS 
100 ~------~------~------~----~--

50 

Or-
t , 
i 

-50 L-

I 
I 

-100 
o 20 40 60 80 

T I ME (sec ~ ) 

Figure VI.3.6 Time history realization for simulation case 6. 

166 



,-.. 

C\J 
"* ~ ", 

:. 

0 
ill 
(f) 

"-
E 
0 
'-' 

L-
i-I 

-. 
IT 
~ 
W 
.-.J 
W 
U 
r ~ ......... 
0: 

100 

50 

Ot-

i 
-50 ! 

l-
i 

I 
I 
! 
1 
I 
1 

I 
I 
j 
I 

-100 

SIMUL~TION RESULTS 

~MA~\~·~ ~----~-----

----........ .-vw.~ .. 

o 20 

I 

40 
TIME (sec~) 

60 80 

Figure VI.3.7 Time history realization for simulation case 7. 

167 



w 
o 
::J 

SIMUL~TION RESULTS 
1 ~-------r--------'-------~~-------r------~ 

I 
Ot--
I 

-005 !--

I 
l)i J~ 
1/11 \~ 
F 

. I -, ~ 

~ ~------~--------~--------~--------~------~ o 1 2 3 4 5 
FREOUENCY (hz~) 

Figure VI.3.8 Fourier amplitude spectrum rea1iz~tions 
for case one. The spectra have been nOrMalized. 

168 



individually, in a factor of five or more in their extreme effects. 

Therefore the numerical values reported are Significant only in terms of 

the relative effects of the parameters studied. An important and 

extensive effort in the future would be to look into the calibration of 

theoretical models for the prediction of strong ground motion. This 

study would entail a refinement of the source parameter input. Such 

refining will involve the development of regional source parameters and a 

derivation of more realistic probability density functions for the random 

variables. 
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CHAPTER VII - CONCLUSIONS AND RECOMMENDATIONS FOR FUTURE RESEARCH 

VII.1 INTRODUCTION 

This chapter summarizes the major conclusions and results of this 

research effort. In the course of any research work many new and 

interesting projects are visuali.zed but are secondary to the problem at 

hand. To aid in continued developments in the area of seismic hazard 

analysis recommendations for future research are presented. 

VII.2 CONCLUSIONS 

This research work consisted of three basic elements, all of which 

contributed to the development of a Bayesian model for estimating strong 

ground motion. These three entities were the empirical information on 

rms acceleration and duration, the development of the Bayesian 

probability model for ground motion spectra, and the application of the 

normal mode method for modeling strong ground motion. The major results 

of this work are the following: 

• a Bayesian review of the state of the art in modeling strong 

ground motion was presented, defining the state of 

information and the state of practice. 

• a Bayesian probability model was developed to incorporate 

the available sources of information in providing a 

probabilistic power spectrum at a site. 
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• the acceleration motion recorded at El Centro during the 

1968 Borrego Mountain earthquake was modeled with 

considerable success indicating that for the Imperial Valley 

earth structure, the capability exists to use theoretical 

models to predict future strong ground motion. 

• the directivity effect was suggested to have a dominant 

effect on the motion recorded at the El Centro site. 

• sensitivity studies indicate the strong dependence of 

VII.3 

predicted ground motion on stress drop, rupture velocity and 

azimuthal location of the site. 

RECOMMENDATIONS FOR FUTURE RESEARCH 

Topics for future research are suggested based on the findings of 

this work. Subjects that deserve future investigation are: 

• including the P-SV motion or spheroidal modes in the normal 

mode model so that the complete motion may be determined. 

• including a more realistic model for Q, the specific 

attenuation factor. 

• a study of the effect of different earth models on the 

ground motion, i.e., linear gradient models vs. step 

gradients. 

• application of the normal mode method to other regions. 

• incorporation of an occurrence model to develop the total 

seismic hazard at a site. 
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