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SEISMOLOGICAL STUDIES OF STRONG MOTION RECORDS

ABSTRACT

by

Jafar Shoja-Taheri

A number of problems pertinent to seismological and engineering

interpretations of strong ground motions in earthquakes are studied.

The main new results are as follows:

1) A new form of strong motion accelerogram (Spectrally Maximized

Records or "SMR") and its associated general ized spectrum are proposed

for earthquake engineering u~e. Parameters (e.g., spectral, duration,

peak amplitude) of horizontal-component strong~motion records at a given

site generally depend significantly on the (arbitrary) azimuthal direc­

tion, often resulting in a crucially deficient description of these

parameterS if only a single component is used. Combination of horizontal

components using spectral maximization is shown to be effective in mini­

mizing the difficulty. lhe spectra of the two horizontal components

at each site are combined to maximize the resultant spectrum, independently

of azimuthal orientation. SMRs of thirty-three important strong-motion

accelerograms (including twelve New Guinea records) are then calculated

from their corresponding spectra. In only sixty percent of cases is the

peak acceleration from a maximized spectrum greater than that of the

single components, the bracketed duration from the maximized spectrum

is always greater. After filtering to provide records in ten frequency

bands (0-1 HZ, 1-2 HZ, ... 9-10 H2), correlations for each band are
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made between acceleration peaks, spectral energy, magnitudes, and source

distances. More stable estimates of these strong motion parameters

appear to be provided by spectrally maximized accelerations compared

with single component estimates.

2) Statistical analysis of all accelerograms of the 1966 Park-

field earthquake, California and the 1952 Taft earthquake, Cal ifornia

indicates that the usable long period of ground displacements obtained

from double. integration of accelerogram records are limited by two major

sources of errors--human reading and base-line corrections. Usable
, . ,··1

long period I imits are estimated to vary between 7 to 14 seconds depending

on the individual earthquake.

3) It is shown that the integration of ragged functions such

as strong motion accelerograms, by regular quadrature formulas, leadS

to significant errors. lhe conventional method of frequency domain

integration also leads to indeterminacy of zero frequency information

and distortion of the shape of the resulting integfal. A modification

of the conventi.onal method of frequency domain integration was developed

to avoid these deficiencies. The new techniqu~ extrapolates th~ inte-

gra~d by joining its mirror image to the end of reflection. The zero

freqyency information is also det,rmined by this technique.

4) A detai.led seismological interpretation of the strong motion

records was attempted for the 1966 Parkfield earthquake, Cal ifornia.

Velocity and displacement traces integrated from the corresponding

recorded accelerograms were found most valuable in studying the earth-

qu~ke .mechanism and wave forms. A double-couple right-lateral strike-

slip mechanism (along the San Andreas fault) is consistent with the

recorded, direct S waves originating from the hypocenter. High energy
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.... arrivals observed on the velocity traces are interpreted as S waves

("stopping phases") that originated at the termination of the rupture

towards the southeast of the San Andreas fault.

From particle velocity diagrams of the stopping phases in the

horizontal plane, the rupture length was between 20 to 28 km. Corres-

ponding rupture velocities are estimated to be 2.5 ± 0.1 km/sec and

3.1 ± 0.5 km/sec. The inference from the strong motion records is that

Love waves were more excited at the southwestern than the northeastern

side of the fault, whereas the Rayleigh waves were more energetic at

the northeastern than the southeastern side of the fault. The late

arrivals of both Love and Rayleigh waves of long period (about 6 sec)

together with the observed reversed dispersion of Rayleigh waves observed

at the Temblor station all indicate a low velocity zone within the crust.
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CHAPTER I

INTRODUCTION

The current increased demand for greater knowledge regarding

the problems of earthquake hazards and the design of earthquake resis­

tant structures as well as the increased availability of strong motion

records have prompted much effort into detailed seismological analysis

of strong ground motions. The ground motion produced in the near field

is generally more compl icated than the ground motion recorded in the far

field. At a near site, the source parameters (e.g., fault dimension,

rupture velocity, and dislocation ampl itude) as well as detailed geo­

logical complexities are significantly influential.

Considerable progress has recently been made in the development

of theoretical models for computing the strong ground motion (e.g.,

Aki, 1968; Haskell, 1969; Haskell and Thomson, 1972; Trifunac, 1974a;

Trifunac !!~., 1974b). These models have assisted the understanding

of gross features of strong ground motions in terms of sourCe mechanism,

but because of limitations imposed by the mathematical formulation,

one or more relevant physical parameters (e.g., boundary conditions)

defining the strong motions are generally neglected.

Interpretation of the seismograms themselves ("time histories")

of recorded strong motions in terms of elastic wave theory has proved

to be useful in explaining the mechanism of energy release and genera­

tion of elastic waves. For example, Bolt (1972) and Hanks (1974)
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analyzed the Pacoima strong motion recording of the February 9, 1971,

San Fernando earthquake and they showed that several features occurring

during the first 10 seconds of recording could be explained in terms

of a mechanical model of faulting. Hanks (1975) made an extensive

analysis of 234 components of the strong ground displacement recorded

during the 1971 San Fernando earthquake. He indicated that the varia­

tions of gross amplitude and frequency content observed among the

recorded displacements can be used to infer source parameters such as

the seismic moment, source dimension, rupture velocity, rupture propa­

gation, as well as the development of surface waves and subsequent dis­

persion.

Determination and definition of strong motion parameters (e.g.,

peak acceleration, duration) as functions of magnitude, intensity, source

distance, and so on are essential for both engineering design and

seismological purposes (e.g., Housner, 1970; Newmark and Rosenblueth,

1971; Bolt, 1972; Algermissen and Perkins, 1976). Schnabel and Seed

(1973) have analyzed the strong ground motion records of the Western

United States in order to estimate some relations between peak accelera­

tions in rock and magnitudes. Trifunac and Brady (1975) have studied

the duration of strong earthquake ground motion, recorded at different

geological site conditions, in terms of magnitude and intensity.

As a contribution to the present efforts towards a deeper under­

standing of both seismological and engineering aspects of strong ground

motion, a number of prominent problems are considered in this thesis.

The main results achieved are fourfold.

First, a method that allows more robust estimation of earthquake

design parameters (peak acceleration, duration, etc.) has been devised.

..

&.
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As discussed in chapter 2, the development combines individual recorded

components of strong ground motions in the frequency domain by choosing

a maximum amplitude at each frequency. The maximized spectra and cor-

responding accelerograms (Spectrally Maximized Records or SMR) are

calculated from the earthquake recordings of 33 strong motion instru-

ments around the world. The SMRs are then used to introduce the pertinent

statistical correlations among such key strong motion parameters as

peak acceleration, magnitude, and attenuation as functions of source

distance and frequency. Further it is shown that the method of spectral

maximization allows the prediction of an expected maximum acceleration

for any given acceleration amplitude spectrum.

Secondly, quantitative interpretations of strong motion records

require careful definition of the frequency within which the recording

and processing of the ground motion meets a given precision of measure-

ment. For example, in chapter 5 of this thesis, the source mechanism

of the June 27, 1966 Parkfield earthquake, California is analyzed based

on velocity and displacement components which are calculated by integrating

accelerograms recorded at different sites. In order to provide an adequate

numerical basis for such studies, a full statistical analysis of errors

due to data processing of strong motion accelerograms is carried through

(chapter 3). This study leads to an estimate of a usable frequency
I

band of displacement components.

Thirdly, the general problem of time integration of strong motion

records in time domain and frequency domain is studied, in chapter 4.

Use of regular quadrature formulas to integrate the class of ragged

functions represented by strong motion accelerograms produces significant

errors. An alternative procedure using the frequency domain representation
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has been devised. This construction appears to be new and successfully

provides more precise results of integration than previously used in

strong motion seismology. This technique is employed in chapter 5 to

integrate strong motion accelerograms before analysis.

Fourthly, the Parkfield earthquake of 1966 is analyzed by inter­

preting the velocity and displacement traces integrated from the recorded

accelerograms. It is shown that these records provide invaluable

seismological information on the faulting and the source of energy release

during the earthquake.

The results presented in this thesis demonstrate overall that

detailed seismological interpretation of strong motion seismograms,

while difficult, is not an impossible art. The necessary insights and

skills will require more specific research effort but in time are 1ikely

to be developed for more-or-less routine work.
•
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CHAPTER I I

A GENERALIZED STRONG MOTION ACCELEROGRAM BASED ON SPECTRAL MAXIMIZATION
FROM TWO HORIZONTAL COMPONENTS

2.1--lntroduction

Major seismological work on determining and defining strong

motion parameters that are stable, i.e., are not seriously dependent

on abnormal values, is still much needed. Such robust parameters are

required for not only purely seismological purposes on understanding

earthquake waves (e~g., Bolt, 1972), risk mapping (e.g., Algermissen

and Perkins, 1976) and so on, but are vital for engineering design

purposes (e.g., Housner, 1970; Newmark and Rosenblueth, 1971). The

aim of the present chapter is to report some pertinent results of

analysis of a variety of strong motion records. In this search for

stable parameters, a new procedure of combining ground motions has been

found that may have wide application.

In practice, even in some of the most recent work (e.g., Cloud

and Perez, 1969; Schnable and Seed, 1973; Trifunac and Brady, 1975),

generally raw measurements of such parameters as peak acceleration have

been used for correlations with intensity, magnitude and distance.

The question is whether mean parameters would be more robust if spectral

characteristics such as frequency and phase were involved. An affirma-

tive answer is likely because the responses of both complex geological

and man-made structures are dominated by seismic wave characteristics

in restricted bands of frequencies. Overall, therefore, the work is
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directed towards determining the functional dependence of the kinematical

parameters on frequency as an independent variable. More specifically,

a review of published analyses of strong motion records and their

engineering use shows that the usual procedure is to work separately

with wave ampl itudes or spectra from just one horizontal component (or

the vertical component) of the ground motion. Because three components

are recorded, the problem is to develop a physically acceptable method

whereby optimum use is made of all components of strong motion accelera­

tion, velocity and so on. The second purpose here, therefore, is to

demonstrate the effectiveness of one technique of combining the two

horizontal components before parameterization begins. It is suggested

that the method, called spectral maximization, might be adopted

generally with advantage by seismologists and earthquake engineers.

2.2--Spectral Maximization

Consider the two orthogonal horizontal components of acceleration

recorded at small distances from the earthquake source. These are gen­

erally made up of the superposition of many wave types radiating from

an areally distributed and moving source--not a single point. The

examples shown at the top of Figure 2.1 (this figure is repeated in

Figure 2.19b) are the horizontal components (s69E and N21E) recorded at

Taft in the 1952 Kern County earthquake (magnitude 7.7). The directions

of instrumental orientation are not related to the strike of the

rupturing fault and have no seismological significance. The peak

accelerations on the two components are 0.19g and 0.16g, respectively.

As the seismograms show, these maximum ampl itudes occur at quite dif­

ferent times during the motion and give little idea of the result of

..
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any vectorial combination.

From the point of view of representing an average earthquake

excitation, it is not usually appropriate, at least in the near field

of an earthquake, to resolve the motions in a particular direction.

At a site near an earthquake source, such as a rupturing fault, seismic

waves of various types, from various foci, travelling various paths

in the crustal rocks, are superimposed in a complicated way. Penzien

and Watabe (1975) deal with this problem completely in the time domain

by defining a set of orthogonal directions (for 3 components) for which

the variances of the component ground motions have stationary values.

The solution is approached quite differently in the present

chapter. After numerical trials with many records, it is found that

one p~rticular combination of the separate frequency spectra of the

two (horizontal) components leads to a spectrum which represents closely

the overall variation in motion actually occurring at the site. This

is named here the maximized (horizontal) spectrum of acceleration for

the site an~byaninverse Fourier transform, produces the corresponding

time history--or spectrally maximized record (SMR). The method differs

from that of Penzien and Watabe in the use of the frequency domain and

non-stochastic formulation (although statistical interpretation can

be given to it).

The method of spectral combination is shown schematically in

Figure 2.2.

Consider the combination of the single frequency component w

of each of the two horizontal accelerograms orthogonally oriented in

the X and Y directions. A vectorial combination of ampl itudes (A and

B) and phases (~ and ~ ) can be numerically made so as to produce anx y
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elliptical Lissajous figure in the normal way as on an oscilloscope.

The combined acceleration z for a given azimuthal angle e, from

the plus direction, is given by

z = x cose + y sine
(2.1)

= Z cos(wt + ~} ,

where

x = A cos(wt + ~ },x

y = B cos(wt + ~ ).
y

(2.2)

A, ~ and S, ~ are respectively the amplitude and phase of the fre~
x y

quency component w in the X and Y directions, and Z, ~ are respectively

the combined ampl itude and phase in the e direction. The combined

accelerations, given by (2.1), define in general an ellipse.

It follows that an angle e can always be found (for the specific
m

frequency w) such that e is the azimuthal direction of the major axism

of the ellipse with respect to the X axis. The combined spectrum given

in (2.1) has maximum amplitude Z equal to the half-length of themax
-

major axis of the ellipse. e is calculated fromm

1 -1 2 2
em = 2 tan «2ABcos(~x - ~y})/(A - B». (2.4)

Substitution of (2.4) into (2.1) yields the maximized spectrum

as follows:

z (w) = x cose + y sine = Z cos(wt + ~ ).max m m max max (2.5)

The value of Z is calculated in a computer for each harmonicmax

wn' n = 0, 1, ... N (N corresponds in the present work to a Nyquist
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frequency of 25 Hz), and the corresponding modulus IZ (w)1 is plotted.max n

As an example, Figure 2.3 (this figure is repeated in Figure

2.19a) compares the maximized spectrum with the two spectra for the

orthogonal horizontal components of the original Taft accelerograms

shown in Figure 2.1. The spectral shape and energy partition with

frequency of the original components differ significantly; the maximum

energy of the two components clearly occurs in two different frequency

bands. It follows that selection of one or other component to describe

the motion of the site gives an unrepresentative sample. Similarly,

simple vectorial addition of the two component seismograms towards a

specified azimuth would, by introducing an arbitrary parameter, also

produce an unrepresentative spectrum. The shape of the maximized spec-

trum obtained using equation (2.5) and plotted at the top of Figure

2.3 is clearly a more satisfactory overall spectral representation of

the ground motion.

Let us now examine the spectrally maximized records (SMR "time

histories") obtained by transforming the phases and amplitudes of the

maximized spectra to the time domain. Figure 2.1 compares the actual

strong motion accelerogram from the Taft site in the 1952 earthquake

with the corresponding generalized accelerograms (SMR). The SMR for

Taft has a peak (horizontal) acceleration of 0.26g. This illustration

is rather typical of the thirty-three strong motion records which have

been analyzed for the present chapter. Consider as a further illustration

the acceleration spectra calculated from the two horizontal strong motion

records at Castaic Dam in the 1971 San Fernando mainshock (Richter mag-

nitude 6.5 and source-to-site distance 20 km). The spectral shapes

in Figure 2.4 (this figure is repeated in Figure 2.26a) are strikingly
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different for the two components, with much more energy between I and

3 Hz on the N2lE component. Indeed, selection for structural testing

of the S69E component would significantly underestimate the shaking

at the lower frequencies. In contrast, the maximized spectrum calcu-

lated for this site appears to sample without bias the stronger motion

on both components.

Fourier transformation of the maximized spectrum at the top

of Figure 2.4 yields the spectrally maximized record (SMR) at the bottom

of Figure 2.5 (this figure is repeated in Figure 2.2Gb). Cross correla-

tion by eye of the three accelerograms in Figure 2.5 suggests at once

that the individual records are contained in a general way in the SMR.

The latter appears more uniform with less modulation and, on average,

with higher amplitudes throughout the shaking. The SMR is certainly

not a simple superposition of the individual components, however; some

peaks in the latter are reduced while some are enhanced in the SMR.

The calculation of maximized spectra and SMR have been carried

out for many sites around the world, of which thirty-three are referred

to in this analysis (see Table 2.1). These records come from California,

Washington, Japan, Peru and New Guinea (Denham et al., 1973). Figures

2.9a through 2.41a and Figures 2.9b through 2.41b illustrate respectively

the spectra and the corresponding accelerograms of these records. At

the top of Figures 2.9a through 2.41a the azimuthal means of every 20

harmonics are plotted. An error bar represents the standard error

of one measurement. The scatter of e is generally large, as shown by
m

the standard errors. This implies that the maximum spectral energy

of different harmonics is not generally confined to a particular

direction. An overall comparison between the original accelerograms
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and the corresponding SMR reveals several general properties.

First, in many cases the transformation does not remove the

seismic wave pattern on the original components. It is often feasible

still to identify certain seismic phases such as P and S. For example,

the onset of the S wave trains can be seen on all records plotted in

Figures 2.9b through 2.41b.

Secondly, SMR ampl itudes are generally. but not always, greater

than the ampl itudes at the same epoch on the separate components. In

Table 2.1, peak accelerations of thirty-three sets of horizontal com­

ponents and peak accelerations of corresponding generalized records

are shown. The peaks of the generalized SMR are higher, in a majority

of cases (60 percent), than the peaks of original components. The

greatest enhancement of a peak acceleYation occurs for the Taft

accelerograms (Figures 2. I and 2.19b) where it amounts to 35 percent.

Of special interest, because of their wide use for engineering design.

the two horizontal components at EI Centro in the May 18, 1940 Imperial

Valley earthquake yield an SMR with a peak acceleration of 0.32g, which

is slightly but not significantly less than the peak of the observed

south component.

Thirdly, there is a uniform pattern in the duration of the

spectrally maximized records. Let us consider the bracketed duration

(Bolt, 1973), i.e., the elapsed time (for a specified frequency range)

between the first and last acceleration excursions on the record greater

than a given amplitude level (say. 0.05g). It is found that, as might

be expected, for all thirty-three cases analyzed, the bracketed durations

of the SMRs are greater than those of the components. The increase

ranges up to 10 percent. It is concluded that, when considering the
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overall shaking at a site, maximum duration should be measured from

the spectrally maximized record rather than from the individual com­

ponents.

2.3--Estimates of Strong Motion Parameters

In this section, all measurements will be made from the frequency

spectra and accelerograms derived by the spectrally maximized method

outl ined above. The aim is to investigate significant tendencies of

strong ground motion when the motion is represented by the SMR at each

site rather than separate orthogonal components.

It has already been pointed out in numerous studies (e.g., Bolt,

1973; Trifunac and Brady, 1975) that the characterization of energetic

seismic waves near the source is strongly dependent on the wave frequency.

In order to examine the matter further, the thirty-three SMR for sites

1isted in Table 2.1 were filtered through ten sequential frequency bands

0-1 Hz, 1-2 Hz, ., 9-10 Hz, using a Butterworth filter with eight

poles (Gold and Rader, 1969; see Figures 2.9b to 2.41b). These filters

provide suitably narrow passbands with, of course, some phase shifts.

As is often the case, the peak acceleration at different frequencies

occurs at different epochs. The implication is that the peak accelera­

tion of an unfiltered strong motion record does not necessarily represent

the peak acceleration in all frequency bands.

The important inference therefore emerges that correlations

of peak acceleration with other variables (such as intensity and source­

to-site distance) might be more stable if they were made as a function

of frequency. Let us first consider the outstanding problem of cor­

relations of maximum acceleration with the total intensity of shaking

....
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at a site. By Parseval1s theorm (Jeffreys and Jeffreys, 1946) the total

energy in the time domain equals the integral of the squared ampl itude

in the frequency domain. (The physical interpretation of the theorem

is that the total energy in the travel ing waves is the sum of the

energies in the normal modes at the site.)

For any band-passed accelerogram a(t), such as those shown in

Figures 2.9b to 2.41b, we can therefore write

T 2
g = f a (t)dt

o
(2.6)

where F(f) is the ampl itude spectrum and f l and f 2 are the lower and

upper frequency limits of a(t). If we identify the right-hand side

of (2.6) with the total "site intensity," then this can be calculated

using the right-hand side from the maximized spectra for each site.

The normalized peak acceleration, NPA, for each site is then defined

as 1

NPA = Peak Acceleration/g2
(2. n

From (2.6) and (2.7), normalized peak accelerations for 29

United States and New Guinea records were calculated for each of the

ten frequency bands from I to 10 Hz. (Japan, Seattle 1949, and Peru

records were omitted at this step.) For each frequency band the mean

of the 29 normalized peak accelerations was calculated and plotted on

Figure 2.6, together with the standard error of each measurement (not

the standard error of the mean).

Figure 2.6 shows that the variation of the normalized peak

accelerations is relatively small, ranging from 0.7 at the lower fre-

quencies to 1.2 at the higher frequencies. Further, from 4 to 7 Hz,
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the ratio is stable and not significantly different from unity. Two

results of value emerge. First, at least for these observations, there

is a close correlation between peak acceleration, as measured by the

SMR, and the total intensity of shaking, as defined in (2.6).

Secondly, we have obtained an algorithm which permits the

estimation of peak acceleration expected for a proposed time history

or spectrum of strong ground shaking. Suppose, for example, that several

synthetic spectra of ground acceleration are considered for design pur­

poses at a site. The question then may be: What is the maximum ground

acceleration to be expected to correspond to each of them, in a specified

frequency range? This mean value can be estimated by calculating g

from (2.6) and then substituting it into (2.7) together with the

appropriate NPA read from Figure 2.6.

The results of this procedure using the data set of Table 2.1

is illustrated in Figure 2.7. For each site, a calculated peak

acceleration was obtained for each pass band by multiplying the mean

NPA by the appropriate g. These calculated values were then plotted

against the peak acceleration actually measured on the filtered SMR.

As expected, this reverse process for the present data produces a linear

regression with generally small scatter. The outlying points marked

I and 3 on all pass bands of Figure 2.7 correspond to the 1966 Temblor

and 1957 Golden Gate records. At these sites the foundations are rock,

which might explain why the predicted values are lower than the observed

peak values. On the other hand, point 2 corresponds to the Castaic

record also made on rock and its prediction is normal. Prediction for

the Peru site is also close.

Finally, we now consider the problem of estimation of attenuation
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of peak acceleration with distance as a function of frequency. The

procedure was to plot the peak accelerations measured from the filtered

SMR for each site against the distance between the site and the source.

(The nearest point on the offset fault was taken when this was known;

otherwise the epicentral distance was adopted.) The results of the

regression are shown for different pass bands in Figure 2.8. The Richter

magnitudes of the earthquakes involved are denoted by different symbols.

As indicated in Figure 2.8, the overall result was a significant

tendency for decreased peak acceleration with distance for each frequency

band. While the trend is clear, there is some variation at each site

from frequency band to frequency band. Many correlations of peak accelera­

tion against source distance have been previously published and some

have achieved considerable use in estimation of site parameters and

seismic risk (e.g., Cloud and Perez, 1969; Schnabel and Seed, 1973;

Donovan, 1974; Algermissen and Perkins, 1976). Most, however, do not

consider frequency dependence and use records of the separate components

of horizontal ground motion. All published correlations show a high

degree of scatter and the fitted mean curves have high uncertainties.

The correlation made in this study also shows the usual scatter, pre­

sumably from source path and site effects. An additional feature in

the present analysis is that in the separate frequency bands, the plotted

points do not clearly separate with large magnitude (e.g., M > 6.5).

This is evident on Figure 2.8, where Richter magnitudes range from 5.3

to 8.0. The same result was pointed out previously (e.g., Donovan,

1973) and is an expected consequence of the modern seismological model

of earthquake genesis (Bolt, 1972).
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For the sake of comparison with other studies, logarithmic for~s

PA = a~-b were fitted to attenuation plots, where PA is the peak

acceleration and ~ the distance. The least-square estimates of b have

large standard errors when no weighting of observations is used and

no clear dependence of b on the frequency band is apparent from the

estimations, at least for the sites of strong motion used in this paper,

mainly California. Overall, a reasonable fit to the sample points is

provided by the attenuation law PA = a~-0.5, for 10 < ~ < 200 km, and

frequencies from 1 to 8 Hz.
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CHAPTER I I I

ASSESSMENT OF DIGITIZATION AND BASE-LINE CORRECTION ERRORS

3.l--lntroduction

Detailed quantitative information on the nature of ground motions

close to the source of an earthquake comes from strong motion accelero­

graphs. Quantitative interpretations of seismological and engineering

characteristics of strong motion records require careful estimation

of the frequency band within which the recording and processing of the

ground motion meets a given precision of measurement.

An accelerograph transducer for recording strong ground motion

is usually a single-degree-of-freedom oscillator with a high natural

frequency of 12 to 25 Hz and with 60 percent damping. The instrumental

recording closely approximates acceleration of the ground up to about

5 to 10 Hz. It therefore provides direct information needed for cal­

culations of structural response to ground shaking. In many applications,

however, when information on the intermediate and long-period spectrum

is required, data on ground velocity or displacement may be preferred.

In source mechanism studies, for example, in order to avoid the

complicating effects of propagation path and geological complexities

near the recording site, it is often more satisfactory to use ground

velocities or ground displacements. These depend more upon the low­

frequency components of ground motion that are not as sensitive to

propagation path and recording site effects.
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The usable frequency band of a strong motion record is inherently

restricted by the combined noise from all the procedures involved in

the record processing. The limits of this band may be determined by

not only estimating the signal-to-noise ratio at each frequency harmonic,

but also considering the fraction of total spectral energy which is

contributed by the processing noise at each harmonic. For a harmonic

with frequency w (within the acceleration response of the instrument)

recorded acceleration y = A sinwt corresponds to ground displacement

AY = - ~ sin wt. Because the recorded amplitude, A, is contaminated
w

with recording and processing noise, at some long period (w + 0), the

energy of the errors contributed to the calculated ground displacement,

A
~, becomes so large that inclusion of this harmonic may significantly
ill

distort the actual displacement. It follows that any study based on

analysis of velocity and displacement components requires an estimate

of the frequency limit at which the noise energy can be neglected.

In Chapter V of this thesis, the source mechanism of the Park-

field earthquake of 1966 is studied; the analysis is based on velocity

and displacement components which are calculated by integrating the

accelerograms recorded at different sites. Therefore, to provide an

adequate numerical basis, the present chapter is devoted to statistical

analysis of the errors due to data processing of strong motion accelero-

grams and also to the establishment of an estimate of the usable frequency

band of displacement components.

The problem of the effect of data processing on strong motion

records has been extensively studied by many investigators (McComb,

Ruge and Neumann, 1943; Housner, 1947; Hershberger, 1955; Berg and

Housner, 1961; Berg, 1963; Amin and Ang, 1966; Brady, 1966; Schiff and
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Bogdanoff, 1967; Poppitz, .1968; Hudson, Nigam and Trifunac, 1969; Boyce,

1970; Trifunac, 1971; Trifunac, Udwadia and Brady, 1973a;and Trifunac and

Lee, 1974).

In general, there are two different opinions on whether digitized

Iluncorrected" accelerograms (i.e., no base-line or instrument corrections

or adjustments) are accurate enough to calculate precise displacements

by double integration. One view (e.g., Schiff and Bogdanoff, 1967)

is that the accuracy of digitized uncorrected accelerograms is too 1 imited

for the double-integrated displacement curves to preserve a meaningful

form. The contrary opinion (e.g., Trifunac et al., 1973) is that under

normal conditions of recording and data processing, uncorrected accelero­

grams can yield displacement curves of usable precision up to some long­

period (low-frequency) 1 imit.

In an attempt to estimate errors in digitized strong motion

accelerograms, Trifunac et al. (1973) made a statistical analysis of

errors of a straight thin line, independently digitized by four different

operators. They showed that among all errors of recording, record

processing and digitizing, human reading error is the main contributing

factor to the variance of the total errors. They concluded that this

error limits the usable long periods of double-integrated digitized

data at about 16 seconds.

It is, however, important to note that any estimate of recording

errors based on a digitized straight line may not be an unbiased rep­

resentation of the errors for actual accelerograms. Unlike the straight

line which is uniformly thin (see Trifunac et al., 1973), the trace

thickness of an accelerogram varies with ampl itude of the record.

In addition to reading errors due to human eyes, there is
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another significant and, up to the present, overlooked error which is

introduced into the data during base-line correction processing. This

error originates mainly from the uncertainties ~ the parameters by

which a base-l ine is defined. The base-l ine of a given accelerogram

record is usually determined by fitting the "closest" curve (straight

I ine or higher order polynomial) to the data by the least-squares method.

In this case, for a given accelerogram, values of the base-line

parameters strongly depend on the particular selection of digitized

data points along the length of record.

The following sections of this chapter examine these two

prominent errors (reading and base-line correction) in some detail and

establ ish a statistical basis for estimating the long-period limits

introduced in computed displacements by these errors.

3.2--Reading Errors Due to Human Eyes

A direct assessment of reading errors of digitized accelerograms

can be made by analyzing a group of records which are obtained from

digitizing, repeatedly, the same record by a number of operators. The

meaningful long-period limit of displacement can then be estimated from

the variance of the displacement amplitude spectrum at low frequencies.

In the absence of such information it is, nevertheless, possible to

make a reliable estimate of reading errors because for each accelero­

gram, the sources involved with generating these errors, such as the

thicknesses of accelerogram trace, the fixed trace, and cross hairs

used in the typical digitizing machine, are generally well known. The

trace thickness of an accelerogram on the Mylar translucent films varies

between 0.2 or 0.3 mm to about I mm. In a typical strong motion record,
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the high-energy (large-amplitude) episode occupies only a small portion

of the total length. It follows that the trace thickness of a signifi-

cant part of the length of a record staysat lmm. The fixed trace is

produced by a fixed mirror which is rigidly attached to the accelerograph

frame. To el iminate the effect of the systematic errors introduced

by the digitizing machine, this trace is digitized and subtracted from

the accelerometer trace (Trifunac et al., 1973). This trace is 0.5

mm to I mm. The cross hairs have finite thickness of 0.1 mm to 0.2 mm.

It is reasonable to assume that the combined errors from the

thicknesses of the accelerogram trace, the fixed trace, and the cross

hairs are randomly distributed within bounds of at least ±O.2 mm.

For an accelerogram recorded with sensitivity of about 8 cm/g,

for example, extreme bounds of ±0.2 mm are equivalent to values of about

2±2.45 em/sec. In the present research, a total of 2048 pseudo-random

numbers with acceleration values uniformly distributed between ±!.225

2em/sec were generated by computer to resemble recording errors with

arbitrary bounds of ±O.l mm. The ampl itude spectra of the corresponding

displacement were then computed for frequencies between 0 and 25 Hz

(the Nyquist frequency) and plotted in Figure 3.1.

The lowest straight dashed line in this figure is the least-

square fitted line to the displacement amplitude spectrum. The two

upper dashed lines show the fitted lines to the displacement amp! itude

spectra corresponding to reading errors of ±0.2 mm and ±0.4 mm respec-

tively. Conveniently, therefore, the middle one of these lines will

be util ized in the remainder of the present chapter to represent the

effect of reading errors of accelerograms in corresponding displacement

records.
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3.3--Errors Due to Base-Line Correction

As mentioned previously, for a given accelerogram the values

of the base-line parameters depend strongly on the selection of the

positions of the data points along the time axis. Variations in the

base-line parameters have pronounced effects on low-frequency components

of the displacement records. During digitization of accelerograms,

the time positionsofthe majority of points (with the possible excep-

tion of points corresponding to peaks and troughs) are selected more

or less arbitrarily. Therefore, redigitization of the same record is

I ikely to produce data points the majority of which have different time

positions. An important question is to what extent deviation of the

time positions affects the base-line parameters.

To investigate this question, we make use of the powerful

statistical method called the "jack-knife techniquel' (Tukey, 1958;

Brillinger, 1964; Brillinger, 1966). The jack-knife method entails

dividing the sample into a number of different sub-samples (chosen in

a particular way) and calculating the desired values from all the sub-

groups, except one, to produce what are known as l'pseudo-values.'1 The

procedure is repeated over and over, omitting a different sub-group

each time. The variance of the population is then estimated directly

from these "pseudo-values."

Suppose an accelerogram consists of N data points. Let A and

B define the base-I ine A + Bt (t is time) that may be calculated from

these data points. Separate these points into r groups such that the

data points of each group are selected randomly from the total N points.

Let A. and B. be the parameters of the base-line based on all but the
I I

ith group. A., B. (i = I, ... , r) are used to determine the variances
I I
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of A and B respectively.

The unbiased estimates of the variances of A and B can be

determined simply from

2 r
(A - A.)2/(r -

°A = L I)
i=l I

2 r 2
°B = L (B-B.)"/(r- 1.)

i=1 I
0.1 b)

Determination of base-line parameters and their corresponding

variances were carried out for all strong motion accelerogram records

obtained during the 1966 Parkfield earthquake. These records form the

basis of the analysis of this earthquake in Chapter v. For comparison,

the parameters and related variances of the Taft 1952 records were also

calculated.

For all records, except CH #8 and Temblor, a length of 40 seconds

(N = 2,000 points with equi-interval At = 0.02 sec) was selected. For

CH #8 and Temblor, which are shorter than 40 seconds, lengths of

26 seconds (N = 1,300 points) and 30 seconds (N = 1,500 points) were

selected, respectively. A straight base-line A + Bt was fitted for

each record to the data points by least squares.

For the jack-knife procedure, A. and B. were calculated based
I I

on all but the ith group (the ith group was chosen (sampled) randomly

from the N data points). In the present analysis, each record was

separated into 10 groups, each of which consisted of N/IO data points.

Brillinger (1966) indicated that values of r between 10 and 20 are

reasonable.

In order to examine how the estimated variance may vary with
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r, standard errors 0A and .0B of the vertical comp6nent of CH #2 were

calculated. The resulting parameters for these retords were A = 2.398,

B = -0.1076. (The values of data are in terms of cm/sec2.) For r =

10,oA = 0.61000 and 0B = 0.02208, and for r = 20, 0A = 0.49120 and

0B = 0.01767. It should be noticed that selection of 20 groups gives

sl ightly smaller variances.

Because under normal conditions of digitization the gross

effects of the variances do not appear to be overestimated by selection

of 10 groups, the data points of all records were therefore separated

into 10 groups. The values of A, B, 0A' and 0B for eH #2, #5, #8, #12,

Temblor and Taft 1952 are given in Table 3.1.

At this stage, let us examine the effects of the base-line

parameters and their variations on the spectrum of displacement which

are calculated from the accelerograms. The upper plots of Figure 3.2

through 3.18 illustrate the displacement amplitude spectra calculated

from:

1. accelerograms with uncorrected base-line (shown by solid line)

2. accelerograms with corrected base-line, A + Bt (shown by small dashed

line)

3. accelerograms with corrected base-line, A + 0A + (B + 0Bh (shown

by intermediate dashed line)

4. accelerograms with corrected base-line, A ~ 0A + (B - 0B)t (shown

by large dashed line).

The phase variation of displacement spectra, due to variation

of the base-line parameters, is as important as amplitude variation

in control I ing the long-period I imits of displacement records; the

analysis of base-line correction errors should, therefote, incorporate to
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this variation with amplitude variation. The middle plots show the

phase variation introduced by incorporating 0A and 0B into the base­

l ine corrections.

These plots, as well as the values of 0A and 0B shown in Table

3.1, indicate that for some records (e.g., CH #12 N50E and N40W)

variation
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TABLE 3. I

T~
..'~ ~I..

A (JA B a B (sec) T""(sec)
c

CH #2, Down 2.398 0.610 -0.108 0.022 12.5 11 .0

CH #2, N65E 0.475 0.982 -0.023 0.034 13.0 12.5

CH #5, Down 1.529 0.476 -0.070 0.016 12.0 8.0

CH #5, N85E 0.164 0.969 -0.008 0.031 12.0 10.0

CH #5, N05W -0.739 0.760 0.032 0.024 11 .0 10.0

Temblor, Down 0.813 0.290 ·-0.052 0.014 10.0 7.5

Temb lor, S25W 1.514 1.012 -0.096 0.046 8.0 7.0

Temb lor, N65W 0.353 0.491 -0.023 0.023 12.0 10.0

CH #8, Down -0.133 0.444 0.009 0.023 9.0 7.5

CH #8, N50E 0.413 0.890 -0.032 0.044 9.0 7.5

CH #8, N40w 0.487 0.680 -0.037 0.036 9.5 9.0

CH #12, Down 1.634 0.292 -0.076 0.011 12.5 9.5

CH #12, N50E 1.818 0.207 -0.081 0.007 14.5 10.5
;

CH #12, N40W 3.007 0.138 -0.133 0.005 no 1imi t 13.0

Taft, Down -0.042 0.286 0.004 0.010 19.0 14.0

Taft, 869F -0.065 0.623 0.002 0.022 13 .0 12.0

Taft, N21E 0.261 0.660 -0.020 0.022 12.5 11 .0

"k
Tb = long-period 1imit due to base-l ine corrections

*-;'(;

T = long-period 1imi t due to combined errors of base-line
c and reading
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of the base-line parameters are less pronounced than those of others.

The possible explanation of this difference lies in variation of the

gross ampl itude along the length of an accelerogram; for a record along

which the gross amplitude is more uniform, the 0A and 0B are expected

to be sma II er •

As it can be seen from the plots, variation of the base-line

parameters affect significantly the low-frequency components of the

amplitude as well as phase spectra of displacements up to about o. I Hz.

Displacement spectral energy is mainly contributed by the few lowest

frequency components and hence the significant variations observed in

ampl itude and phase of these components will mask the characteristics

of displacement records.

In order tomake an estimationofthe long-period I imits (longest

usable periods), the following method was developed and the results

depicted in the lower plots of Figure 3.2 through Figure 3.18.

The method is, simply, to compare, at a given frequency Wi'

the absolute value of amplitude variation, /60(w i ) I, (due to 0A and

In the lower plots of Figure 3.2 through 3.18, the

frequency w. 1
l-

in this analysis).

0B) with some fraction (i .e., 5 percent) of the accumulative displace­

ment amplitude spectra, I i-I !O(w.) I, corresponding to the subsequent
j=N J

(N corresponds to Nyquist frequency and is equal to 1024

accumulative amplitude spectra are shown by the upper solid lines.

The dashed lines parallel to these sol id 1ines show the 5 percent frac-

tion of the accumulative displacement spectra; a fraction of 5 percent

is selected arbitrarily as the basis for estimating the usable long-

period limits of displacement records. The amplitude variations

160(w.) I are plotted by the oscillatory solid lines. For each record,
J
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the crossing point of the !6D(w.) I line with the 5 percent fraction
I

1ine defines the long-period 1imits introduced during base-l ine

correction. These periods are listed in Table 3.1.

3.4--Combined Errors of Reading and Base-Line Correction

The combined errors of reading and base-line correction for

each record were obtained simply by adding, at each frequency, the

value given by the middle dashed line in Figure 3.1 (this line resembles

the reading errors bounded by ±0.2 mm) to the value given by the

16D(w.) I curve. The combined errors are shown in the lower plots of
I

Figure 3.2 through Figure 3.18 by the short dashed lines. Now the long-

period 1imits due to the combined errors can be readily found from the

points where the lines of combined errors cross the lines corresponding

to 5 percent fraction of the accumulative displacements. The results

are also given in Table 3.1.

The long-period limits introduced by the combined errors are

very much controlled by the degree of fluctuation in both amplitude

'and phase at long periods. The long-period limits, as shown in the

figures and Table 3.1, vary between 7.0 to 14.0 seconds. This result,

therefore, indicates that the long-period limit of 16 seconds in-

ferred byTrifunac et al. (1973) is probably too great. The large

variation of the long-period 1imits of the 17 strong motion records

analyzed in the present chapter suggests that the usable long-period

limit of each record should be determined independently, case by case.

A more representative average value to the long-period limit of actual

ground displacement appears to be 12 seconds.
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CHAPTER IV

TIME INTEGRATION OF STRONG MOTION ACCELEROGRAMS BOTH IN THE TIME AND
FREQUENCY DOMAIN. A NEW METHOD OF ACCURATE TIME INTEGRATION IN THE
FREQUENCY DOMAIN

4.1--lntroduction

Integration of the digitized strong motion seismograms are,

generally, carried out in the time domain using one or another form

of the quadrature rules of approximate integration (Housner, 1947;

Brady, 1966; Boyce, 1970; Trifunac, Brady and Hudson, 1973c). While

these rules are generally more than adequate for smooth integrands,

serious errors might arise for oscillatory functions (Davis and Rabino-

witz, 1967).

Integration of a function can also be performed in the frequency

domain. The application of this method of integration in the conven-

tional form is, however, restricted because the expected discontinuity

of the integral (periodic with period equal to record length) between

the last point and the first point of the next oscillation either causes

Gibb1s phenomenon or distorts the general shape of the integral,

depending on the relative amplitudes of the high-frequency components

of the integral.

The aim of the present chapter is to compare critically these

two methods of integration and, more importantly, ~ propose ~ modified

version of the frequency domain integrations (and differentiation).

It is believed that this version provides more reI iable results of
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integration and differentiation than methods previously used.

4.2--lntegration of Strong Motion Accelerograms in the Time Domain

The quadrature formulas compute the approximate integral of

discrete time or space functions. The accuracy of these formulas is,

generally, proportional to higher derivatives of the integrand. For

example, consider the two common integral formulas: trapezoidal and

Simpson1s. For the trapezoidal formula:

(4. I a)

The error terms calculated by Taylor's expansion of both sides of the

formula are

(4. 1b) .

where h is the time interval between successive points and x(') are

time derivatives of the integrand. For Simpson's rule:

#

the error is

_ ~5x(5)(t) _~7 (6)(t) _
90 420" x ... ,

and the error of the Simpson's IIhalf formula ll

is

(4.2a)

(4.2b)

(4.3a)

+ ... (4.3b)
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It is evident from (4. Ib) ,(4.2b) and (4.3b) that the error introduced

during integration by a quadrature formula depends not only on the

formula used but also on the smoothness of the integrand. For an

oscillatory integrand whose higher derivatives are not small, no quadra­

ture rule seems capable of approximating the desired integration with

sufficient accuracy without exceedingly close digitization. We can

investigate this problem, using the trapezoid and the combination of

both forms of Simpson's rule (the combined form is commonly used to

avoid the high fluctuation of the resulting integral caused by ~.2a)

(Hamming, 1973) to doubly y-integrate the strong motion accelerogram

of the N65E component of CH #2 in the 1966 ~arthquake at Parkfield.

Estimation of the errors introduced during integration is accomplished

by prolonging this record by joining it to its mirror image so that

the extended integrand is symmetric with respect to the center of its

time length. This construction (see Figure 4.1) gives a symmetry

property to the integrand which provides a mathematical basis for testing

the degree of precision of the integration. This follows because an

accurate integration of a symmetric integrand should result in a

symmetric integral.

Figure 4.2 shows the double integral (displacement) of the

Parkfield accelerogram (no base-line correction or high-passed fil­

tering is carried out for the accelerograms used in this chapter).

The upper and lower dashed-line curves are, respectively, the dis­

placements calculated by the trapezoid and the combined Simpson rules.

The middle curve (discussed later on in this chapter) is the computed

displacement using integration in the frequency domain.

Figure 4.2 shows that the displacement curves calculated by
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Simpson and trapezoid rules are not precisely symmetric. This deviation

reflects the aGcumulation of errors during integration. The question

arises whether these errors merely originated from inadequate accura­

cies of the quadrature formulas, or are they introduced by truncation

errors which arise from computation on the CDC 7600 used in this

computation. In order to test whether or not truncation or rounding

effects of the computing machine are significant, the calculations of

Figure 4.2 were repeated in Figure 4.3 through 4.5 respectively, using

single precision (14 digits) with round-off option, and double precision

(28 digits) with and without round-off option. The resulting curves

are essentially identical in these figures; which shows that the

a!;ymmetric features of the computed integrals by Simpson and trapezoid

formulas result, definitely, from insufficient accuracy of the quadrature

~Jles appl ied ~ the integration of the strong motion accelerogram.

Calculations similar to what are shown in Figure 4.2 were carried

out for N85E component of CH #5, recorded during the 1966 earthquake

of Parkfield and sl6E component of Pacoima Dam, recorded during the

1971 earthquake of San Fernando. The results are illustrated in Figure

4.6 and 4.7 respectively. Again, asymmetry is produced by quadrature

in the time domain.

The errors from quadrature formulas employed in integration

of the oscillatory integrands such as normal seismograms do not neces­

sarily decrease when higher derivatives are included. This point is

demonstrated by noticing that the errors produced by Simpson1s rule

(Lf.2b and 4.3b) in Figure 4.2 through 4.7 are even greater than those

of the trapezoid rule (4.1b).

Another illustration of this point is shown in Figure 4.8, in
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which the double integration of N65E component of the CH #2 record is

computed by the modified trapezoid rule in which the first error term

of ~ h3x(2) is included. Comparison between this figure and the ones

computed by non-modified form of this rule (Figure 4.2 through 4.5)

also shows that the amount of error caused by imperfection of the

quadrature rules might even grow from higher derivative terms when the

integrands have oscillatory characteristics.

4.3--lntegration of Strong Motion Accelerograms in Freguency Domain

The finite Fourier transform of the discrete time function,

f(T), consisting of a set of N equally spaced points, is

N-l
F(w) = L f(T)e-iwT/N

T=O
(4.4)

The function f(T) may be calculated by the inverse Fourier transform

N-l
f(T) = t L F(w)eiwT/N

w=o
(4.5)

The recovery of f(T) from (4.5) is exact since it consists of

a set of orthogonal functions (Hamming, 1973; Kanasewich, 1973). This

exact recovery of f(T) using (4.5) forms ~ firm theoretical basis for

accurate integration and differentiation of time functions ~ the

frequency domain.

The time derivatives of f(T) may be calculated by differenti-

ating (4.5) with respect to time:

(n)
f(T) = b

N-l
L (ibw)nF(w)e+ibwT

w=o
(4.6)
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(n)
where f(T) is the nth derivative of f(T), and b = ~. Now let f(T)

and v(T) be respectively the strong motion displacement and velocity

which are to be calculated from the recorded strong motion acceleration

a(T). From (4.6), the Fourier transform, A(w), of a(T) in terms of the

Fourier transform, V(w), of v(T), and the Fourier transform F(w), is

given by

and

or

A(w) = (ibw)V(w)

1
V(w) =~b A(w)

J w

(4.7a)

(4.7b)

(4.7c)

F(w) = - 1 A(w)
(bw)2

(4.7d)

V(w) and F(w) are then employed in (4.5) to calculate respectively the

exact values of v(T) and f(T).

Rapid computation of both direct and inverse discrete Fourier

transforms by the method of Fast Fourier transform (FFT) introduced by

Cooley and Tukey (1965) makes the frequency domain integration (and

differentiation) economically feasible. For N samples, the direct

calculation would involve approximately N2 multiplications and N2

additions. The FFT has, under suitable circumstances, reduced the number

of operations to something like N 1092 N.

It is, however, important to notice that the frequency domain

integration suffers from the two following major restrictions which

may lead to unreliable results unless special modifications are
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undertaken:

First, it follows from (4.7c) and (4.7d) that the Fourier trans-

formsofV(w) and F(w) for zero frequency are indeterminant. Secondly,
1 r

the expected discontinuity of the periodic inverse Fourier transform,

(4.5), between the last point and the first point of the next period

causes distortion of the shape of the calculated functions. This is

especially noticeable for the smooth functions such as strong motion

displacements and velocities where high-frequency components are not

large enough to recover the expected discontinuity between the last

point and the first point of the next period.

Figure 4.9 illustrates the displacement curves of N65E compo­

nent of CH #2 of the 1966 earthquake at Parkfield, calculated using\the

frequency domain algorithm. The upper dashed curve is computed, for

comparison, using N = 2048 data points. The lower dashed curve is

computed, for comparison, after the length of the accelerogram is

doubled by adding to its end 2048 data points with zero values. The

solid curves are computed after the length of the record is doubled

by adding to the end the mirror image construction of the function.

For each curve, the indeterminant value of the Fourier trans-

form, F(w), at zero frequency, is arbitrarily replaced by zero value;

hence from (4.4),

I N-lf(T) = 0
T=O

(4.8)

Accordingly, the base-line in each curve suffers a certain amount of

vertical translation. In Figure 4.9 the base-line translation in each

curve is corrected by subtracting the amplitude of the first point from
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the ampl itude of all N points.

4.4--Accurate Time Integration and DifferentiatioM of a Function in
Frequency Domain

Although in principle the frequency domain, due to orthogonal ity

properties of (4.4) and (4.5), offers a powerful tool for accurate

integration and differentiation, the considerable differences observed

among the curves in Figure 4.9 reveal that exact integration (and

differentiation) requires the elimination, in an appropriate manner,

of the distorting effects caused by the continuity imposed between the

last point and the first point of the next period (see section 4.3).

The present research has shown, perhaps for the first time,

!!~ the most accurate results from integration of ~ strong motion

record ~ attainable ~ the frequency domain if the record is first

symmetrized by simply joining the corresponding mirror image to its

end. The sol id curves in Figure 4.2 through 4.9 illustrate the dis-

pllacement records computed by applying ~ proposed algorithm.

The symmetry of the integrand constrains the computed displace-

ment and its first and second derivatives to be continuous at the

e)(treme ends. These continuities are essential in preventing distor-

tiion in the computed displacement. The exact symmetry of the

diisplacement curves (solid curves) in Figure 4.2 through 4.9 confirms

the accuracy of the method. Furthermore, the very close agreement

existing between the beginning portions of these curves and the cor-

responding dashed curves (computed by trapezoid and Simpson's formulas)

indicate that the shape of the solid curves (which are periodic) near

the two ends remains unaffected by the functions in the neighboring

periods. Recovery of zero frequency information of the computed integral
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or differential curves is.attainable by this method. This result is

achieved by placing a sufficient number of zeros at the ends of the

function which is to be integrated or differentiated. The values at

the ends of the actual integral or differential of such a function must

be, therefore, equal to zero. Hence, recovery is obtained by subtracting

the value of the first point (or last point) from values of all points

of the calculated curve.

A further advantage of this method is realized when the com­

puted functions undergo filter processing. Filtering of a discontinuous

function causes undesirable distortion on the shape of a function near

the discontinuities.

The computing time required by frequency domain integration

is a few times longer (depending on the number of data points) than

the corresponding time required by time domain integration. However,

because filter processing (often needed during integration of the

accelerograms) is considerably faster in the frequency domain than

that in the time domain, the frequency domain method of integration

(including filtering) seems to be faster and more economical than that

of time domain integration.

The frequency domain method developed in this chapter is

employed as a basic tool for integration and also during filter pro­

cessing of strong motion records in the next chapter.
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CHAPTER V

PARKFIELD, CALIFORNIA, EARTHQUAKE OF JUNE 1966: SEISMOLOGICAL
INTERPRETATION OF THE STRONG MOTION RECORDS

5.1--lntroduction

A theoretical explanation of the behavior of earthquakes near

the sources of energy release (a rupturing fault) is among the most

important problems in seismology and has recently attracted theatten-

tion of many investigators in this field (e.g., Aki, 1968; Haskell,

1969; Trifunac and Brune, 1970; Bolt, 1972; Boore and Zoback, 1974;

Trifunac, 1974). The present scarcity of strong ground motion recordings

together with the complexities introduced by geological variations and

faulting mechanisms limit the observational data which are needed to

test the theoretical models. However, the major social concerns regarding

the problem of earthquake hazards have led many of the seismic prone

countries (e.g., USA, Japan, USSR, Iran, Turkey) to install more strong

motion instruments in active zones. The speedier collection of the

strong motion observations together with the development of under-

standing of the detailed mechanism of earthquakes should lead in the

n€!xt decade to major advances in strong motion seismology.

The culmination of the present study of strong motions, aimed

at a better understanding of energy release and source mechanism, was

an analysis of strong motion records of the Parkfield 1966 earthquake.

An attempt is made in what follows to interpret these records in terms

of a simple model of faulting (Bolt, 1972; Hanks, 1974; Boore ~~.,



"44.

1974) and elementary seismic wave theory. Various results of the

previous chapters were used in this final study.

5.2--Background

The main shock (ML = 5.5, mb = 5.8, M
s

= 6.4) occurred on June

27, 1966 at 9:26 p.m. Pacific daylight time (04:26:13.4 GMT, June 28,

1966) following two light foreshocks (magnitudes 2-3) at 6:00 p.m. and

6:15 p.m., and a stronger foreshock of magnitude 5.1 at 9:09 p.m. on

June 27 (McEvilly, 1966). The coordinates of the origin of the main

shock were found to be 35°57.3 I N and 120 0 29.9W (see Figure 5.1a). This

earthquake was followed by a large number of aftershocks for several

weeks (Eaton, O'Neill and Murdock, 1970).

The first field observation made along the San Andreas fault

zone early the morning after the main shock (Allen and Smith, 1966)

indicated that the white line on Highway 46 (see Figure 5.1a) at its

intersection with the fault zone had been offset by 4.5 cm in the right

lateral sense. But extrapolation of the offset curve back to the origin

time of the main shock indicates that there was essentially no surface

fault offset at the time of the main shock (Wallace and Roth, 1967).

On the basis of en echelon cracks exposed on the surface, the

rupture length along the San Andreas fault may be estimated to be about

33 km (see Figure 5.1a). The overall distribution of the aftershocks,

however, suggests a surface length of 27 km (McEvilly, Bakun and Casa­

day, 1967).

The accelerographs of Cholame approximately 30 km southeast

along the trace fault from epicenter recorded several aftershocks

during the first few minutes after the main shock (Murray, 1967). The

S minus P of these events decreased from about 5 sec for the main shock
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to about 2 sec or less for the aftershocks. This decrease indicates

a smaller focal distance and hence that the fault propagated south­

eastward from the epicenter for a distance of about 20 km.

Eaton ~~. (1970) made a detailed analysis of the aftershocks

which occurred between the 3rd and the 82nd day following the main shock.

Using 474 well-located aftershocks, they found the strike and dip of

the fault plane to be N39W and 86SW, respectively. Over 95 percent

of these aftershocks had focal depths between 1 and 12 km, and none

had a focal depth greater than 15 km. The foci of these aftershocks

were highly concentrated between 2 and 4 km and also between 8 to 10

km.

The aftershocks south of 35°50 ' N (see Table 2 of Eaton ~~.,

1970) show highest concentration between 35°47.5 I N and 35°48.5 I N (see

Figure 5.1a).

Based on the P-wave polarities for the main shock, McEvilly

~~. (1967) evaluated that the strike and dip angles range from N35W

to N24w and 88NE to 85SW, respectively.

Eaton (1967) estimated the rupture velocity to be 2.2 km/sec

by using the motion of a radio time recorder operated about 20 km down

the fault from the epicenter. In addition, zeros of spectra from Love­

waves recorded at Berkeley were found to be consistent with this rup­

ture vel oc i ty (F i 1son and McEv illy, 1967).

Interpretation of the mechanism of the main shock by comparing

observed and synthesized strong ground motion records has been carried

out already by a number of investigators (e.g., Aki, 1968; Scholz, Wyss

and Smith, 1969; Haskell, 1969; Anderson, 1973; Tsai and Patton, 1973).

None of the studies provides explanation that is convincing in all
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aspects. A recent investigation was made by Trifunac ~~. (1974)

by fitting a moving dislocation model to strong motion data obtained

from five stations. The preferred resulting model (also consistent

with geodetic data and fault creep measurements) has a zone of sig-

nificant faulting about 20 km long in the northern section of the fault

with a rupture velocity between 2.4 and 2.5 km/sec and a dislocation

amplitude of 120 em.

Eaton et al. (1970) have now conducted several short but detailed

refraction profiles in the Parkfield-Cholame region to determine the

structure in the upper crust. The P wave velocities of the upper IS

km of the crust for SW and NE sides of the fault are shown in Table

5.1.

TABLE 5. I

SW NE

(km) (km/sec) (km) (km/sec)

0-0.28 1. 70 0-0.18 2.36

0.28-1.55 2.80 0.18-1.24 3.34

1.55-3.74 5.00 1.24-2.76 4.62

3.74-15.00 6.00 2.76-4.40 5.62

4.40-15.00 6.00

5 .. 3--lnterpretation of the Strong Motion Recordings

In the present section, the main shock of the Parkfield 1966

eclrthquake is analyzed by interpreting the recorded strong ground

~)tion recordings using standard seismological theory on seismic waves;
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ray theory arguments are ~ppl ied to infer the rupture velocity during

this earthquake. Further information on the source mechanism is drawn

from studies of projections of particle velocities of the ground on

three orthogonal planes (horizontal plane, and the planes parallel and

normal to the fault plane).

The particle velocity traces have been chosen as the fundamental

data against which the model of faulting is tested. The acceleration

traces contain more information (because of higher frequency content),

but they are too sensitive to minor details of faulting, geological

heterogeneities, and surface topography. Furthermore, current theoretical

models of source mechanisms (Brune, 1970) suggest that, in the near-

field, particle velocity amplitude is directly proportional to the

driving stress at the fault.u,
Displacement traces 'used as supplementary data to test the gross

features of the fault model inferred by the velocity traces and also

to study the recorded surface waves.

For accurate calculation of velocity and displacement traces,

the results of chapter 3 and 4 are employed. Each accelerogram is first

high-pass filtered using Butterworth filter with four poles (Gold and

Rader, 1969), and a corner frequency equivalent to the corresponding

usable long-period limit in Table 3. I. The resulting filtered accelero-

gram is then integrated in the frequency domain, using the method

developed in chapter 4, to calculate the corresponding velocity and

displacement traces.

For model ing purposes, it is desirable to rotate the horizontal

particle velocities and displacements into a coordinate system which

corresponds to the components parallel and normal to the fault. The
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directions of S33E and N57E are chosen (McEvilly) 1967} as the parallel

and normal components to the fault. The fault plane is to be vertical.

The recorded horizontal components of velocity and displacement of all

sites, except CH #2 where only one horizontal component was recorded

during the earthquake, were all rotated to the chosen coordinate system.

To convert the instrumentally recorded traces to the actual

ground motions, all vertical and horizontal components (both velocity

and displacement) were reversed. These records are shown in Figure

5.3a through 5.7a.

In order to enhance the extractable information on fault mech­

anisms, the velocity components were both high-pass and low-pass filtered

using Butterworth filters with 4 poles and corner frequencies of 3 Hz.

The high-pass and low-pass filtered velocity components are shown res­

pectively on the upper half and lower half of Figure 5.3b through 5.7b.

The particle motion diagrams were constructed for consecutive

011e-second time windows on the three orthogonal planes (horizontal plane

and the two vertical planes defined by the strike of the fault and its

normal) using the low-passed velocity traces. The diagrams are illus­

trated in Figures 5.3c through 5.7c. In each plane, the time windows

begin from the first diagram on the upper left corner and continue

sequentially to the right. The beginning of each time window is desig­

nated by the plotted star. In each time window, the scale was arbit­

rarily chosen such that the peak would correspond to the half length

of the area devoted for each window.

Using the crustal P velocity models given by Eaton ~~. (1970;

see Table 5.1) for southwest and northeast sides of the fault, the P

and S travel times to each station were calculated for the main earthquake.
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The focal depth was taken'as 5 km, and Poisson's ratio was assumed to

obtain S from P velocities so that 0=0.25. The resulting travel times

in upper layers from the source are as follows:

Stat ion

2

5

8

12

Temblor

Tp(sec) TS
T

S
_p

6.2 10.7 4.5

6.3 10.8 4.6

6.6 11.4 4.8

6.9 12.0 5. 1

7.5 13. 1 5.6

The absolute error may be on the order of 0.2 sec, judging from the

standard errors in calculated origin times given for the aftershocks

in Eaton et al. (1970). The average P velocities, for the main shock,

resulting from the given crustal models, are as follows: 5.73 km/sec

to station 2, 5.74 km/sec to station 5, 5.74 km/sec to station 8, 5.76

km/sec to station 12, and 5.69 km/sec to station Temblor.

The triggering device at station 5 was nearly in contact so that

the accelerograph operated immediately after the calculated P wave

arrived.

The observed arrival of the direct S wave at each station is

shown by Sl (Fig. 5.3a, b to Fig. 5.7a, b). Amplitudes as well as

polarizations of 51 in velocity components provide clear information

on fault mechanism during the main shock. At all stations (except CH

#2 where the parallel P component was not recorded) the velocity ampli-

tudes on normal components N57E are larger than those for parallel

components S33E. This is expected (because the epicentral distances,

varying between 30 km to 40 km, are relatively larger than the fault
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distances which vary between 80 m, for CH #2, and about 15 km for CH

#12; see Fig. 5.1a) from the radiation pattern of a double-couple source

(Savage, 1965b; Haskell, 1969; Boore ~~., 1974). Polarization and

ampl itude of horizontal and vertical components at CH #5, 8, 12 (see

Fig. 5.4b to Fig. 5.6b), which are on the SW side of the fault, generally

indicate that the main shock had right-lateral strike-slip mechanism.

At Temblor, which is on the NE side of the fault, the polarization of

the S wave on N57E (see Fig. 5.7b) confirms the inferred mechanism by

CH #5, 8, 12. But the polarization on vertical and S33E does not agree

with this simple mechanism model. It should be noticed, however, that

because the angle of epicentral azimuth of this station, with respect

to the strike of the fault (see 8 in Figure 5.2), is small (about 10°),

the polarization of S waves on these components becomes quite sensitive

(because of small ampl itudes) to the details of faulting at the hypo­

center, to the geological heterogeneities along the ray path and so on.

At CH #2, the direction of S wave recorded on s65E component

(see Figure 5.3b) confirms the right-lateral direction of the fault,

whereas the Down component does not imply such interpretation (perhaps

for the same reason stated for Temblor station).

The particle velocity diagrams (Fig. S.4c to Fig. S.7c) of the

S wave in the horizontal plane, at stations CH #5, 8, 12 and Temblor,

are drawn in Figure S.lb. The prograde ell iptical patterns shown at

CH #5, 8, 12 are expected from a double-couple right lateral mechanism.

The unexpected prograde pattern of Temblor, for such a mechanism, is

the result of polarization change of S wave (as discussed before) on

the S33E component at this station. The arrows designated by SIs are

drawn perpendicular to the major axes of the ellipses. In the absence



"""-
~EPicenter

,,
""
"

1

152.

I I

"""..
""...

I r I

I

s~
. "Temblor -

p

-

____-1. ___J..--__ 1.. J........--__L-1 _- I-.J

Fig. 5.1b



153.

of geological and fault rupture complexities, these arrows would be

directed toward the source. While the arrow at Temblor points approxi­

mately toward the epicenter, the directions of the arrows at CH #5, 8,

1.2 show rather large deviations from the expected directions.

There are two or three onsets shown prior to the arrival of

the 5 wave (51) observed on the high-passed vertical component of velocity

at CH #5. These arrivals are probably the P waves of small earthquakes

that occurred immediately (within about 3 sec) after the main shock

011 the fractured fault. Since this chapter is mainly concerned with

study of the gross mechanism of the main shock, these small shocks are

not further discussed.

Next, let us consider the onsets designated by S2s in Figures

5.3a and 5.3b to Figures 5.7a and 5.7b. These onsets are related to

the waves with peak accelerations recorded in the corresponding accelero­

grams (see Fig. 4.1 and Fig. 2.22b to 2.25b). From both engineering

and seismological points of view, it is therefore vital to investigate

the nature and also the possible source of generating these waves.

These seismic waves are not I ikely to be predominantly surface

waves because they have short durations and non-dispersive features.

The amplitudes decrease rather sharply with distance from the source of

energy release (compare the ampl itudes at CH #2, 5,8, 12, and Temblor);

for surface waves this is not plausible near to the source of energy

r€dease where production of surface waves should significantly increase

with source distance. Furthermore, the arrival times are at least a

few seconds earlier than expected if they are assumed to be surface

waves (surface waves with such high frequency contents would travel

only through a thin section, about 1 km, of the surface with a shear
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velocity of I km/sec). The particle velocity diagrams of these waves

are designated by 52 in Figures 5.3c through S.7c. The diagrams in

the horizontal planes are drawn in Figure 5. Ie. The arrows designated

by S2 in this figure are drawn perpendicular to the major axes of the

ell ipses.

The diagrams show that the particle motion of 52 waves at all

stations except CH #5 have opposite direction (retrograde) to those

of 51 waves which are originated from epicenter. It is difficult to

infer any particular mechanism for the source of 52 waves from these

diagrams. The direction of 52 arrows at CH #5, 8, and Temblor (Fig.

5.le) suggests that the source of these phases is located within a few

km northwest of CH #2. The displacement N57E components at CH #2, 5,

8, 12, and Temblor show that the displacement motions of 52 waves have

opposite directions to those of 51 waves.

On the basis of these observations, the ~2 waves ~ interpreted

as 5 waves generated ~ termination of the rupture (Savage, 1965a) within

a few km northwest of CH #2.----- ------
A reasonable estimate of the location of the end of the fault

rupture permits the d~termination of the average rupture velocity along

the fault. As mentioned earl ier in this chapter, the aftershocks' dis-

tribution suggests a fault length between 20 ~o 28 km.

Let us estimate the rupture velocity for two different rupture

lengths: 28 km and 20 km, respectively. Since the aftershocks at the

southeastern end of the rupture are highly concentrated at focal depths

between 2 and 4 km, and also between 8 and 10 km (Eaton et ~., 1970),

for each assumed rupture length two different depths of 4 and 8 km are

assigned to the depth at which rupture is terminated. It should be
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mentioned that because S wave travel times, from hypocenter to the

station, are not too sensitive to variation of focal depth (change of

focal depth from 5 km to 10 km introduces only about 0.1 sec variation

in the travel times), only one focal depth of 5 km was assumed in esti­

mation of rupture velocity. Table 5.2 shows the rupture velocites, esti­

mated from arrival times of the 51 and 52 phases, and their standard

deviations.

TABLE 5.2

Case

2

3

4

L (km)

28

28

20

20

H(km)

4

8

4

8

b(km/sec)

3.13

3.11

2.48

2.42

5d (from 5 observations)

0.53

0.30

O. 11

0.07

In this table, l is the length assumed for rupture, H is the depth

assumed for the termination of rupture, b is the average of the rupture

velocities estimated from CH #2, 5, 8, 12, and Temblor records, and

Sd is the standard deviation of the rupture velocity for one observation.

Cases 1 and 2 with L = 28 result in a rupture velocity of about

3. I km/sec and a relatively large standard deviation between 0.3 and

0.5 km/sec. This velocity is about 0.2 km/sec smaller than the average

shear velocity along the ray paths between the initial source and the

stations and about 0.5 km/sec larger than the average shear velocity

along the ray path between the southern end of the rupture and the
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stations. Cases 3 and 4 with L = 20 km result respectively in rupture

velocities of about 2.5 km/sec and 2.4 km/sec with standard deviation

of only 0.1 km/sec. These velocities are smaller than average shear

velocities in the area.

The small standard error of 0.1 km/sec of the estimated rupture

velocity corresponding to the rupture length of 20 km, together with

the high concentration of aftershocks between 33°47.5 I N and 35°48.5 I N

(see Table 2 of Eaton ~~., 1970) suggest that the fault rupture

during the main shock was about 20 km long. This conclusion is supported

by considering the location of the aftershocks which occurred within

a few minutes after the main shock.

The particle motion diagrams of the stopping phase (designated

by $2 in Fig. 5.3c to Fig. 5.7c) in vertical planes show considerable

variation in both direction and pattern at different stations. However,

the elongated pattern of these diagrams at CH #2, 5, and Temblor indi-

cates that the dislocation at the southern end of the rupture was dom-

inantly horizontal; this is, of course, clearly illustrated by the cor-

responding velocity traces.

Let us now consider the recorded surface waves and make some

general remarks regarding their nature and their possible source of

excitation. A significant portion of the total energy which arrived
phase

following the stopping in Fig. 5.3a, b to 5.7a, b can be shown to be

contributed by surface waves (mainly Love waves because the ampl itudes

in horizontal components at each station are, generally, larger than

those in the corresponding vertical component). The velocity components

carry more detailed and thus less simply interpreted information on

the properties of the recorded surface waves than those of corresponding
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displacement records. For analysis of the gross features of these waves,

it is therefore more appropriate to consider the recorded surface waves

on displacement records. Love waves dominate the remaining portions

of motion after the arrival of the stopping phase S2 of the horizontal

component N57E and S33E at CH #5, 8, 12. Similarity of the wave forms

among these stations is clearly visible (see displacement components

of N57E in Figures 5.4a to 5.6a). These waves suffer dispersion as

they travel toward the further stations (e.g., CH #12), The rate of

dispersion, estimated for different episodes of the recorded Love waves,

indicates that dispersion is more rapid for the waves which are recorded

within a few seconds (e.g., 5 sec) after arrival of the S2 phases (see

the AS intervals shown on displacement components N57E in Figures 5.4a

to 5.6a) than for those which arrived later. From the observed rate of

dispersion, it is interpreted that the Love waves arriving within

a few seconds after the stopping phases originated from the southeastern

part of the rupture, whereas the later arrivals are excited at the north­

western part of the rupture.

The late arrival of Love waves at different stations indicates

that these waves propagate with quite small velocities (e.g., 1.0-1.5

km/sec). Such small velocities do not occur in the crustal model

velocity estimated from refraction studies in this area (Eaton ~~.,

1970). The conflict may be resolved in part if a low-velocity zone

of a few km thickness exists within the crust in this area; this pos­

sibility is not ruled out by the refraction studies, since the low­

velocity zone cannot be detected by this method.

The N65E component of CH #2 also recorded the Love waves (see

Figure 5.3a). The amplitudes are, in general, comparable with the
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ampl itudes of the corresponding waves recorded at CH #5, 8, 12.

It is interesting to note that the amplitudes of Love waves

recorded at Temblor are considerably smaller than the amplitudes of

those recorded at CH #5, 8, 12. The crust on the northeast side of

the fault has more competent rocks and the upper crustal layers have

smaller seismic velocity contrasts compared to those on the southwest

side of the fault. These differences are perhaps responsible for the

reduction of the ampl itudes of Love waves at Temblor (on the northwest

side of the fault). The diagrams of the particle velocities of the

r'ecorded Love waves show considerable scatter (Figures 5.4c through

5.7c). However, they have, in general, ell iptical patterns with both

prograde and retrograde directions. Because of the observed scatter

no further interpretation on the recorded surface waves can be drawn

from these diagrams. There is some indication that similar diagrams

for particle displacements may offer more conclusive information. This

was tested on the displacement components of CH #12 (see Figure 5.8).

The diagrams were constructed for consecutive three-second time windows

on the three orthogonal planes. The elliptical diagram designated by

L
I

in the horizontal plane corresponds to the surface waves (dominantly

~ove waves) which arrived 4 seconds after the S2 waves (see Figures

5.6a, b) and recorded for three seconds afterward. The diagrams desig­

nated by LZs are the Love waves recorded in the later portion of the

records. The elongated LZ diagrams are nearly parallel to each other.

Comparison between orientation of L2 diagrams and that of the Ll dia­

gram indicates that the source of L2 diagrams is possibly located on

the northwest of the source of the Ll diagram.

The vertical displacement at CH #5, 8, 12 (see Figs. 5.4a to
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5.6a) shows that Rayleigh waves have shorter periods than the corres­

ponding Love waves recorded on the horizontal components. On the ver­

tical component at CH #2, the Rayleigh waves are superimposed as a

single harmonic wave with a period of about 10 sec.

It is interesting to note (see Figures 5.3a to S.7a) that

Rayleigh waves ~ CH #2, i, ~, l!~ noticeably less energetic than

Love waves. By comparison, the recorded Rayleigh waves at Temblor seem

to carry more energy~ Love waves.

The vertical component of displacement at Temblor illustrates,

clearly (see Figure S.7a), the reversed dispersion of the recorded Ray­

leigh waves. The reversal of dispersion together with late arrival

for the Raleigh waves require a crustal structure with low-velocity

zones. The reversed dispersion of these waves may be, partly, explained

if one assumes that the early portion of the surface waves originated

from the epicentral area, whereas those of the late portion are excited

from the area near the southeastern end of the rupture.



Epicenter

®

-1.00

-.SO

S33E
o ------------------------------------- _

.... _--­
~---- - - -

161.

.so

1.00
-20 -lEi -10 -& 0 &

S~ OlSTRHCE FRQH FAULT IN kM

Fi q. 5.2

10
NE

16 20

The variation of peak ampl itudes with distance to the fault.

Ampl itudes are normal ized to the corresponding maximum motion

at the fault surface.



162.

CH NO. 2 PARK.IELD 1966

1
]

N66E

-.......-.._._--- ..-
)

. -~--"'''''''----'''''- --._.-...,.,~,.. .._._-,~ ..-.,.

I

/0
.~--.--- ... -

s::
U

'Z 5-
~z
ws::
w
ua: 0
...I
Cl.
VI-0
Cl
'Z -6::>
Cl 30
0::
l.!l

~

I-~ r

-J

)­...u 0
Cl

~

o 2 6 8 10 12 H 16 1S 20 22 2' 26 2S 30
lIME 11'4 SEC

Fi g. 5. 3a



J63.

CH HO. 2 PARKFIELD 1966

fJ r---r--,--r---.,--- , '---'r-----, ---r----'
IJl l" 6G

r 1~ DOIJM
:>....

~... 0uc

lcl
;;)

If -6::>c 9
Q(

lCD

~E

0

u -9
w
IJl

" 16E: r
l~

u
z I... I

I

:>

~
....

0 ~--~t;
C
..J I~

J

~ -16 L
c SO

r
Q(
CD

H66E

0 ~~

-SO

l...---L..,_-4...-___ , .1...----1.,...-.- , ....I..---J

0 2 , S e 10 12 11 16 18 2D 22 2' 2S 28 30
TIME IH SEC

Fig. 5.3b



164.

CH NO. 2 PARKFIELD 1866

'0 ~ -;> ...3- ~1J ~~ ~

~ ()C3 ---=..-:> ~'-.J~ .:I~
'(.~C'-.~r J

H66E

Fig. 5.3c



165.

CH HO. S PARKFIELD 1966

1

DDl.IIol

0

t:
U

Z
-1

.... 1

...
Z
W
l:
W
U

0a:
...J
lL

~
C

C
Z -1::)
C 6
'"(!)

0

-6

9

0

lj
-9C/)

" 30c
U

2....
>-...

0....
U
C
..J
W
::>

~
-3D

30
(!)

H67£

0

-30

L--

0 '2 , 6 9 10 12 11 16 \8 20 22 2' 26 20 30
lJr1E IN SEC

Fig. 5.4a



166.

3 r

o f
I
!

~ I
III -3 ~

"B 16 r
!. I

~ 0 ~
;_,.l
~ s r

o r
I

-8 L.

Ctl NO. S PARKFIELD 1366

1 HS7E

1
J

C 'l , 6 8 10 12 U 16 18 20 22 2' 26 28 30
lIME IN SEC

Fig. 5. 4b



167.

CH tID. , PflRICFIELO 1S66

S33E

r---f--"-~-'-~\ -\ u--s'-.1-o·~~~-. -l
! \1 \. \. '

~ I~ cr--- ~ ,,-=-:/ ~"Ii !

r-) ~y <L 1 ~J~__ ~;~ _<3
S33E

H67E

Fig. 5.4c



168.

eH HO. 9 PARKFIELD 18S6
....---.,

2

DOI.IH

0

C
'-' -2= 1

Z 533E
~

~ 0
..J
l1.
(I)

C
0

5 -.,
c 6
0:
c;l

/'IS7E

0

-5

5

001.1'"

0

uw
-5(I),
16cu

% SY.lE-
)-

t: 0u
0
...J

~

~ -16
0:

1~
c;l

/'IS7E

0

-16

0 2 ., 6 8 10 12 1't 16 19 20 22 2., 26 28 30
liME IN SEC

Fig. S.Sa



CH HD. e PflRKF'IELD 1866

i

r

169.

~l

j
S33E

~I

.".1

]
H67E

L-_._ .L . ._..l.._--l..- .J..-..__..L---! I .' I .L-- ..L-.............I.-_--"-__! I

o "2 t 5 S 10 12 l-t 16 1S 20 Z2 2t 26 28 30
lIME IH SEC

Fig. 5.5b



170.

CH !'C. 8 PARKFIELD 1866

S33E

~~~~~ *9 7'--!J~

~ ~ J f .-.:> ~~ ~
~ <!..I\
~---------------'

~~'LJ j1 ~-b ~

I ~ r>...----' CO -/7..<;{ ~

~ r-'l "--/

Fig. 5.5c



3

o

t:
t.l -3

= 6
I­
Z

~
w
lE 0
...J
Q.
(/)...
a
a
'Z -6a ,
Cl'
(!)

o

-1

I;

o

::3
(/) -I;
~ 8
l.>

'Z...
)-

t: 0g
-'w
~

~ -8
Cl' 8
(!)

o

-8

CH NO. 12 PARKFIELD 1966

J71.

o 2 1 6 8 10 12 11 16 18 20 22 21 26 28 30
11/1£ IN SEC

Fig. 5.6a



172.

,----r_.r-~_CH_NO. 12 PARl<F'IELD 1966
r-----r-----rr-......-r-·-r-~---

.J

4
...

s;:l.J£

"..~~

]
f N67E

1 ~N

2012 it 16 is
llr'£ IN SEC

108G

\0{;
t

~~~~~~~ ..1----L-.....J

26 28 3()

-7'

"

r
0

f
u
\0;
(/) -',;: '2 Iu
7.-
>...- 0
~
.J
W i~

~ -2
j...

a: '2 IC!:>
i
I

:':J ~
-2 l
s r

Fig. 5.6b



J 73.

CH HD. 12 PARKF'IElD 1S66

"' >-s]7 J \Jt ~y~ ~
~ ~ +--J.f't ') ~~ (""f "- --'\~

-"'. r.)' (-'
S33E

K67E

Fig. 5.6c



174.

TEMBLOR PARKriELO 1966

2

I0

c
u

-2z I>
....
'Z S33Ew
cw
~ 0
..J
B.
III-CI

CI

~ -S
c ,

1
0<

!}j~,",
CD

HS7£

0 ~ ~/,f~

-t

s

0

uw
-I>(II

\, 20c

r
u
z S33£
~....

0u
C
..J
1&1

I;:)

~ -20
c 20 r III<
CD

I'IS7£

0

-20

0 2 t 6 8 10 12 1+ 16 18 20 22 21 26 28 30
TIME IN SEC

Fig. S.7a



175.

TEI18UlR PARKF'IELO 1966
,---r--r--...---rr----r--,.--,-...,...--r-...,...--,---r---r--,---,

H67E

1 DDUN

I .••~JL. 1=
~~~ ""~ - --------------

o

3

o

-7

ti
~ -3
ti 16

0 N\
I.J
!oJ
(I) -'t

" lEiB
~

)-....
0...

:3
d
~

~ -lEi
a: lEi
(9

0

-16

o , 6 8 10 1'2 H 16 18 20 22 2~ 26 26 3D
lIME 11'1 SEC

Fig. 5.7b



176.

TEl18LDR PARKFIElD 1966

S3'3E

1 /fJ~ h-":le~~Q4 (~~~

§ ~..-=>~"- ~~ ~~

v ]C?--0- ~_

Fig. S.7e



177 .

~ ~ c::

~ .< c
~\ J

I h 3...
~ co..

!I~ ~

2
~ ~

C\.-
l.L.

li

~(j (J
r::h h

t

r
3lSN



178.

CHAPTER VI

CONCLUSIONS

In this thesis a number of problems pertinent to both engineering

and seismological concepts of strong ground motions in earthquakes were

studied. The basis of the work was a study of 33 accelerograms recorded

by strong motion instruments around the world. First a new method was

developed by which more robust estimates of earthquake design parameters

(peak acceleration, duration, etc.) can be inferred. Secondly, in order

to throw more light on understanding of the mechanism of energy release

during an earthquake, the Parkfield earthquake of 1966 was specially

analyzed by detailed seismological interpretation of the velocity and

displacement records calculated from integration of corresponding accelero­

grams. The integration of accelerograms was carried out by a new and

more precise method of integration developed in the present thesis.

The following paragraphs summarize the main results obtained in this

thesis.

1) A new method of combining individual recorded components

of strong ground motion was devised. Combination is accompl ished in

the frequency domain by spectral maximization at each frequency. The

corresponding spectra and accelerograms (Spectrally Maximized Records)

appear to have valuable averaging properties in representing the com­

plex shaking at a site. Nowadays, the response of certain large struc­

tures, such as dams, is calculated based on seismological estimates

of 1ikely ground motion. It is suggested that an SMR would provide
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a more representative and prudent test of ground motions than anyone

single component of recorded motion.

In particular, SMRs allow a clear demonstration of the impor­

tance of taking account of the frequency dependence of strong motion

parameters. Indeed, a physically advantageous procedure in selecting

peak acceleration as a design parameter for a given structure is to·

use SMR accelerograms with frequency components restricted to the broad

spectral band within which the structure has significant response.

The method also allows the prediction of an expected maximum

acceleration for any given acceleration ampl itude spectrum. At least

for the frequency range 4 to 7 Hz, the average peak acceleration and

the gross level of shaking seem closely related.

Use of the recent records from New Guinea adds to the evidence

available from other seismic areas that attenuation laws are in general

not strongly dependent upon earthquake magnitude (at least above 6.5).

Use of this quantity as a strong scaling parameter on acceleration is

not supported by the present analysis.

2) Statistical analysis of two major sources of error (human

reading and base-line correction) in strong motion records was carried

out. These errors limit the usable long period of ground displacements

obtained from double integration of accelerogram records. All accelero­

grams of the Parkfield earthquake of 1966 and also of the Taft earth­

quake of 1952 were studied in estimating where noise contamination

overwhelms the displacement signal.

In the range of the lowest frequency components (0 < (v < 0.1

Hz) of displacement amplitude spectra, errors due to uncertainty in

base-line parameters are more pronounced than those of human reading
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errors. They have, therefore, a significant weight in control 1ing the

usable long period 1imits. These errors become, however, considerably

smaller than recording errors in intermediate and high-frequency com­

ponents.

The usable long period limits of the displacement records

analyzed in this thesis vary widely between 7 to 14 sec.

At a period of about 16 sec, the combined errors in the majority

of cases exceed 25 percent of the accumulative displacement amplitude

spectrum. In 35 percent of the cases, the combined errors at this period

exceed 50 percent of the accumulative displacement spectrum. Therefore,

the period of 16 sec suggested by Trifunac ~~. (1973) is 1ikely to

be an overestimate of the usable long period limits of displacement

records.

The usable long period I imits estimated in this study were adopted

as guidel ines in chapter 5, where the Parkfield earthquake of 1966 was

studied.

It is suggested that the most unbiased estimate of the long

period limit of a given strong motion record can probably be obtained

by analyzing a set of digitized records.

3) The general problem of the integration in the time domain

of strong motion seismograms led to the following results.

Quadrature formulas lead to noticeable errors when they are

employed in integration of ragged functions such as strong motion

accelerograms. This is because the curvature terms of the quadrature

formulas overcompensate for the long linear portions of the recorded

wave forms and undercompensate for the sharp peaks. Under this circum­

stance, no form of the quadrature formula seems likely to yield accurate
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integration.

Orthogonality of the discrete Fourier transform pairs offers

a unique basis for accurate time integration, and perhaps differenti­

ation, of the strong motion seismograms in the frequency domain. It

should be noticed, however, that discontinuities expected near both

ends of the computed integral functions (the functions are periodic

during Fourier analysis) are reflected as distortions of the shape of

these functions. These distortions, together with the indeterminacy

of zero frequency information of the functions, reduce significantly

the overall reliability of the frequency domain approach.

These deficiencies can be completely avoided by a new construc­

tion developed in this thesis. The construction extrapolates the

integrand by joining its mirror image to the end. The zero frequency

information is readily recovered if a sufficient number of zeros is

added to the function at both ends. This method is also useful when

a function has undergone filter processing. This new construction was

employed as a basic tool during integration and filter processing of

strong motion records in chapter 5.

4) The Parkfield earthquake of 1966 was analyzed by interpreting

the velocity and displacement traces integrated from the corresponding

recorded accelerograms. A double-couple right-lateral strike-slip

mechanism (along the San Andreas fault) was inferred from the S waves

originating from the hypocenter.

The high energy arrivals observed on velocity traces at CH #2,

5, 8, and Temblor (these arrivals also correspond to high ampl itudes

on the accelerograms) were interpreted as S waves originated at the

termination of the rupture towards the southeast of the San Andreas
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fault. Based on the reversed polarity of these waves, compared to those

of hypocentral S waves observed on the N57E component of displacement

at CH #2, 5, 8, 12, the rupture termination was probably established

by a double-couple left-lateral mechanism (stopping phase).

From the overall distribution of aftershocks and also from par­

ticle velocity diagrams of the stopping phases in the horizontal plane,

the rupture seemed to terminate within 10 km northwest of CH #2 (rup­

ture length of about 20 to 28 km) at two possible depths of about 4 km

or 8 km. For a depth of about 4 km, rupture velocities of 3.1 ± 0.5

km/sec and 2.5 ± 0.1 km/sec were estimated for two extreme rupture

lengths of 28 km and 20 km, respectively. For a depth of 8 km, the

estimated rupture velocities are 3.1 ± 0.3 km/sec and 2.4 ± 0.1 km/sec.

The evidence gives a preferred length of fault rupture of about 20 km.

Love waves were more excited at the southwestern than the north­

eastern side of the fault. An explanation is the differences in geo­

logical structure of the crust between both sides of the fault. From

the observed rate of dispersion, the Love waves that arrive within a

few seconds after arrival of the stopping phases originated from the

southern end of the rupture, whereas the later arrivals were excited

at the northern end of the rupture.

The late arrival of Love waves of long period (e.g., 6 sec)

at different stations indicates that these waves had propagated with

small velocities (e.g., 1.0-1.5 km/sec). Such low values do not agree

with the crustal velocity estimated from refraction studies in this

area.

Rayleigh waves recorded at CH #2, 5, 8, 12 were less energetic

than Love waves, whereas Rayleigh waves recorded at Temblor seemed to
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carry more energy than the Love waves. The reversed dispersion together

with the late arrivals of the long period (e.g., 6 sec) Rayleigh waves

recorded at Temblor imply the existence of a low-velocity zone within

the crust. The reversed dispersion of these waves may also be partly

explained by assuming that the early portion of these waves originated

from the hypocentral region, whereas those of the late portion origi­

nated from the area near the southeastern end of the rupture.
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