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PREFACE

This report is one of a series arising from research on seismic strong ground motion

based on the measurements made by the large-scale digital array of accelerometers in

Taiwan, called SMART 1. This array became operational in September 1980 and through

1988 has recorded over 3000 accelerograms from 50 local earthquakes. Peak ground

accelerations up to 0.33g and 0.34g have been recorded on the horizontal and vertical com­

ponents, respectively. A preliminary discussion of the operation of the array and some ear­

lier research results was given in the report UCB/EERC-82/13 (August 1982) by B. A. Bolt,

e. H. Loh, J. Penzien, Y. B. Tsai and Y. T. Yell. A second report in the EERC series was

pUblished in 1985 entitled, "Estimation of Seismic Wave Coherency and Rupture Velocities

Using SMART 1 Strong-Motion Array Recordings," by N. A. Abrahamson (UCBjEERC­

85/02). An up-to-date summary of related research through 1986 entitled, "The SMART 1

Accelerograph Array (1980-1987): A Review," by N. A. Abrahamson, B. A. Bolt, R. B.

Darragh, J. Penzien and Y. B. Tsai, can be found in Earthquake Spectra,~, 263-287, 1987.

From its inception, the array has provided key information on both seismological and

earthquake engineering problems. One crucial question that is common to both disciplines

is the identification of wave types in near-field ground motions. As is well known, seismic

waves of body and surface types in the far-field (relative to the source dimension) have

largely separated into a definitive succession so that an asymptotic theory can explain the

major part of the motion. In Sharp contrast, in the near-field, accelerograms are often com­

plicated by lack of separation of wave types, in part due to the effect of the spreading of the

dislocation on the extended fault plane. As well, in both near and far-fields, complexities

arise from wave scattering from local structural variations in the rocks and soils along the

propagation path.

The present report by R. B. Darragh addresses the question of identification of seismic

waves recorded by accelerographs relatively ncar the earthquake source. The waves may be

called strong motion in that they have peak accelerations that are in excess of O.lg. Wave
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separation is analyzed by making use of the phasing properties of the spatial array of

ground motion sensors. One useful method is the decomposition of propagating wave fields

using frequency-wavenumber spectral analysis. A more traditional seismological method.

extended by Darragh to data of the SMART 1 type. is wave discrimination through mapping

of orbits of the particles during the ground motion. This attention to the vector properties

of the wave motion is called polarization analysis. The polarization method is shown to be

an effective way to estimate the relative proportions of wave types mixed in the strong

ground motion.

Finally. it is well known that, in many cases, spatial variation in ground motion arises

from local geological effects. This reporl shows that array analysis permits the

identification of major strong motion scatterers near recording sites. Variation of the inten­

sity of shaking and coherency can thus be beller understood and quantified for engineering

requirements (see "Seismic Strong Motion Synthetics." B. A. Bolt. Editor, Academic Press.

1987).

Readers of this report can obtain digital records from the SMART 1 research program in

standard formats on request from the undersigned at the Seismographic Stations, University of

California at Berkeley.

Bruce A. Bolt
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ABSTRACT

Algorithms are developed for the separation and identification of seismic wave types

in the near-source region. Two large earthquakes recorded by over twenty-five digital, three

component accelerometers that make up SMART 1 (Strong Motion Array Taiwan 1), are

used to demonstrate the methods: the 29 January 1981 earthquake (Nh=6.3, epicentral dis­

tance to array center: 30 km) and the 16 January 1986 earthquake (ML =6.2, epicentral dis­

tance to array center: 22 km).

A sub-array of the SMART 1 array, consisting of the center station and the inner and

middle rings, is used to analyze the ground acceleration wavctield. Two complimentary

analyses of the cross-spectral matrix are applied to the three rotated components of ground

acceleration. The incident wave1ield is lirst decomposed by frequency-wavenumber spectral

analysis into either broadband plane waves or broadband spherical waves when the source

of the waves is within the array. Each spectral peak may be interpreted as a body, surface

or scattered wave each propagating across the sub-array with its own apparent horizontal

velocity and direction. Secondly, polarization analysis estimates the broadband or nar­

rowband polarization of the ground acceleration wavefield and provides a lower bound esti­

mate of the coherence ("incoherency") of the wavelield.

Frequency-wavenumber spectral analysis demonstrates that the mixture of wave types

that propagated across a 2 km radius sub-array was different for the two earthquakes. For

example, broadband planar P-wave energy was observed for six to seven seconds during the

1981 earthquake, but for only two to three seconds during the 1986 earthquake at the 90

percent (approximate) confidence level. Broadband planar S-wave energy was observed for

four to live seconds during the 1981 earthquake, but for only one to two seconds during the

1986 earthquake at the 90 percent (approximate) confidence level. In various time windows,

the ground acceleration wavelield has been decomposed into multiple wave arrivals, for

example, P and S, P and Rayleigh, and S and Love. Rotations of the azimuth of the peak





iv

plane wave power that have been associated with propagation of the fault source rupture are

not observed, at the 90 percent (approximate) confidence interval, for either large earth­

quake.

In contrast, the polarization of the wavetields over the 2 km sub-array was similar for

the two earthquakes. For both earthquakes, polarized (coherent), broadband P-wave energy

and S-wave energy, significantly different than noise at the 95 percent confidence level, was

observed. Polarization of the S-wavefields between 0.5 and 0.7 was, generally, less than

polarization of the P-wavefields of approximately 0.8. For both earthquakes the polarization

of the surface wave coda was, generally, not significantly different than noise at the 95 per­

cent confidence level.

A crustal anomaly or "heterogeneous scattering center" has been located I to 1.5 km

southeast of the array center and is estimated to be at a dcpth bctween 1.5 and 2.0 km.

This heterogeneity produced scattered, strongly polarized energy on both the horizontal

components of ground motion prior to the direct S-wave onset during the 1986 earthquake.

For the 1981 earthquake, the direct and scattered wavefields are not separable because the

hypocenter, the crustal anomaly and the array center are collinear.
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ANALYSIS OF NEAR-SOURCE WAVES: SEPARATION OF WAVE TYPES

USING STRONG MOTION ARRAY RECORDINGS

CHAPTER 1: INTRODUCTION AND REVIEW OF PREVIOUS STUDIES

Earthquake ground motions consist of two fundamental varieties of elastic waves:

body waves of P and S type and Love and Rayleigh surface waves. Identification of these

waves on seismograms has been a central problem in seismology since Oldham (1900) first

identified the "preliminary tremors" and the "large waves" on seismograms from distant

earthquakes. For a distant earthquake the identification of the elastic waves is facilitated by

their temporal separation from one another due to their different propagation velocities. In

the near-source region the records of elastic waves are likely to be complicated and difficult

to interpret because reflected, refracted, direct, converted and scattered energy from many

different areas of the source can arrive at the observer simultaneously. Analyses that pro­

vide an estimate of the mixture of wave types as a function of time in the near-source

region of large earthquakes are required for the realistic synthesis of ground motions for use

in engineering design.

One expects ground motions recorded in near-source regions to have some wave pat­

terns analogous to patterns of small amplitude ground motions recorded from distant earth­

quakes. When that expectation is valid there should be initially ground motions made up

primarily of the longitudinal P-waves. Later in the ground motion record, depending on the

distance between the receiver and the source, there would be an onset of S-waves that will

be superimposed on the P-waves still arriving from other areas of the moving source. The

large amplitude ground motion will continue, a mixture of S and P-waves, but the S

motions become dominant later in the record. Still later, Love surface waves mixed with

body waves should be present on the horizontal components, while Rayleigh surface waves

mixed with body waves should be present on the vertical and radial components. Depend­

ing on the distance of the receiver from the causative fault and on the intervening Earth

structure, the surface waves will be dispersed into wave trains with certain frequency
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characteristics (e.g. Hanks, 1975; Hartzell, et aJ., 1978). The record coda is likely to be

significantly affected by the depth of the ruptured fault; for large focal depths it is less

likely that a significant train of surface waves will be present in the strong motion records.

The elasto-dynamic equations of motion provide a theoretical framework to calculate

the ground displacement in near-source regions. Following Aki and Richards (1980), the

displacement, u, due to a double-couple point source in an infinite homogeneous medium is

given by

1 1
u(x,t) = --AN -

41t'P r 4
rr.M,,(t-.)d.
ria

1 IP 1 r 1 IS 1 r+ --"A -Mo(t--) + --A -M,,(t--)
41t'Plx- r 2 a 4npf3 2 r 2 f3

1 FP 1· r 1 FS 1· r+ --A -M,,(t--) + --A -M,,(t--) ,
4npa3 r a 4npf3 3 r f3

(1.1)

where p, a, f3, r and x are the density, P-wave velocity, S-wave velocity, source to receiver

distance and receiver position, respectively. The vectors AN, AlP, A /S , A FP and A FS are the

radiation patterns for the near-field, intermediate-field P, intermediate-field S, far-field P and

far-field S-waves, respectively. These terms depend only on the geometry that exists

between the source and receiver. The time dependeOl seismic moment is given by

(1.2)

where A is the area of the shear dislocation of average slip (u(t» and shear modulus (J.l),

where it has been assumed for the derivation of equation (1.1) that the moment tensor, M,

has zero trace. Equation (1.1) consists of three body wave terms; the near-field, the

intermediate-field (P-wave and S-wave) and the far-field (P-wave and S-wave). The far-

field displacements attenuate as r-1 and are proportional to the particle velocity at the

source. The onset times at the receiver are given by (rIa) and (rIM for the P-wave and the

S-wave, respectively. The far-field P-wave has only a radial component in its radiation pat-
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tern (AFP ), and the far-field S-wave has only a transverse component in its radiation pattern

(AFS
). The near-field displacements attenuate as approximately r-2 and are non-zero after

the onset time of the far-field P-wave. The terms that decay as r-2
, the intermediate-field

terms, are proportional to particle displacement at the source. The intermediate-field dis­

placements are also non-zero after the onset time of the far-field P-wave. The near-field

and intermediate-field P and S-waves are composed of both radial and transverse com­

ponents. In general, the far-field terms from a point source dominate when the distance

from the source is such that fj/ror«l, where ro is the angular frequency of the wave. At

short distances all the terms may be of equal importance; this occurs, for example, at a dis­

tance of 300m or less for 10 Hz waves or at a distance of 30 kIn or less for 0.1 Hz waves.

For a finite dimension source, r must also be large compared to the source dimension in

order for the far-field terms to dominate the ground motions (Brune, 1976).

For surface waves, the source to receiver distance (r) may have to be at least five

times greater than the source plus receiver depths in order for the Rayleigh pulse to be

observed as produced from a SV-wave line source embedded in an elastic half space (Aki

and Richards, 1980). Using this criterion one might expect the Rayleigh waves to be poorly

developed in the near-source region of a large earthquake; however, other effects not con­

sidered in this simple model (e.g. vertical and lateral variations of structure and velocity, as

well as, higher Rayleigh wave modes) may change this critical distance. Brune (1976)

estimated that surface waves may be the predominant waves generating large amplitude

ground motions when the distance between the source and the receiver is comparable to, or

greater than, the earthquake source depth. Observational evidence of surface waves at epi­

central distances of 30 kIn and greater is available for, for example, the 1971 San Fernando

earthquake (Hanks, 1975) and the 1974 Acapulco earthquake (Hartzell, et al., 1978). The

velocity gradients in the sediments beneath the San Fernando and Los Angeles basins pro­

duced the strongly dispersed surface waves observed in the San Fernando displacement

records. For the Acapulco earthquake, the observed high frequency (1-4 Hz) dispersed
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surface waves may have been the result of the trapping of energy in a fairly well defined

region close to the surface, below which there was little change in wave velocity (Hartzell,

et al., 1978).

An example of the mixing of wave types, observed in the near-source region of the

1971 San Fernando earthquake, is described by Bolt (1972) in a ray theory interpretation of

the Pacoima accelerogram. (Pacoima is located approximately 8 km from the fault surface.)

Predominantly P-waves arrived from the source for approximately the first 6.7 seconds on

the vertical component, S-waves arrived 1.7 to approximately 8.0 seconds after the initial

P-wave onset. Later in the record, Rayleigh waves arrived approximately 4.25 seconds after

the initial P-wave onset on the vertical and horizontal components in agreement with Brune

(1976). Surface wave energy generally increased throughout the record after this time.

In another single-station analysis of strong motion records from the 1971 San Fer­

nando earthquake, Vidale (1986) analyzed three accelerograms along a North-South profile

spaced over approximately 26 km. The nearest accelerometer was located approximately 11

km from the surface trace of the ruptured fault. In an effort to help identify the predom­

inant wave type three component analysis of the polarization of the wavefield as a function

of time was estimated. Monochromatic seismic waves exhibit simple polarization (see

Chapter 2.4). When the two horizontal components of the seismic wave field are in phase,

the wave is linearly (or plane) polarized. Estimates of both the planar and angular polariza­

tion (averaged over a three second window) allowed Vidale (1986) to identify the SV, Love

and Rayleigh waves on the San Fernando earthquake records.

These two wave type separation studies were restricted due to the fact that dense array

observations of the ground motion were not available. Using only single station recordings

it was not possible to estimate wave slowness or to estimate the mixture of waves as a

function of time.

Two additional examples of studies using polarization analysis are those of Archuleta

(1982) and Niazi (1982, 1985) on the 1979 Imperial Valley earthquake. Both studies used
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the polarization of the wave field at individual stations to obtain information about the rup­

ture dynamics. Archuleta (1982) estimated the polarization of the particle velocities on the

horizontal components of ground motion recorded at two stations near the Imperial fault.

The magnitude of the polarization is given by the square-root of the vector sum of the two

horizontal components of particle velocity; the angle of polarization is given by the arc

tangent of the ratio of the two horizontal components of particle velocity (e.g. Kanasewich,

1981). Archuleta observed an initial polarization in the 500 direction due to near-field

ground motions, followed by a polarization reversal to 230 0 with the arrival of the S-waves.

Niazi (1982,1985) studied the temporal variation in the polarization angle for the low fre­

quency « 1 Hz) P-waves at accelerometers 1, 2 and 3 in the linear EI Centro Differential

array, located 5.6 km from the Imperial fault. Assuming the P-wave is linearly polarized

and the Earth velocity structure is laterally homogeneous, the major axis of a rose diagram

for horizontal components of particle polarization will point in the direction of the source

from which the wave originated. Niazi measured the direction of polarization during the

first five seconds of the 1979 recordings and found that the main axis of the rose diagrams

rotated counterclockwise by as much as 500
• After five seconds the accelerations were

dominated by shear wave arrivals precluding further estimation of the P-wave polarization.

The subject of this dissertation is the identification of individual wave types and the

determination of the percentage of the different types within the mixture of waves observed

in the near-source region of large earthquakes. These identifications and determinations are

carried out using data from many accelerographs densely positioned in an array. Previ­

ously, data from dense accelerograph arrays have been used to study the spatial variation of

ground motions during large local earthquakes (Smith, et ai., 1982; Loh, et al., 1982; Bolt,

et al., 1984; Abrahamson and Bolt, 1985; Oliveira, et al., 1985; Niazi, 1986). Such studies

provide estimates of the magnitudes of the strains produced by spatial variation in ground

motions. Such estimates are required for the earthquake resistant design of such large

structures as bridges and pipelines.
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A second importance of studies using data collected from accelerograph arrays has

been to estimate dynamic source properties of a rupturing fault. For example, Spudich and

Cranswick (1984) used recordings of the 1979 Imperial Valley, California earthquake at the

five station El Centro Differential array. They applied a cross-correlation procedure, using

a moving time window, to measure the apparent slowness on the vertical and horizontal

components of the P and S-waves as they impinged on the array. Due to the close proxim­

ity of this array and the Imperial fault, the 30 Ian length rupture produced a variation of

150° in the direction of propagation of the waves. Based on detailed knowledge of the

Earth velocity structure between the array and the Imperial fault, the apparent slownesses of

waves observed at the EI Centro Differential array were correlated with a source position on

the fault surface (assuming that the observed ground motions were composed solely of P

and S-waves). As a result of this correlation, Spudich and Cranswick were able to observe

changes in the rupture velocity as a function of time. Difficulties with the analysis included

the short length of the array (213 m) and restriction to scalar slowness caused by the linear­

ity of the array. Abrahamson (1985) used recordings taken at the Strong Motion Array

Taiwan number 1 (SMART 1) to observe rupture propagation during a ML =6.3 earthquake

on 29 January 1981 (Event 5). Twenty-seven SMART 1 stations, located approximately 30

km NNW of the epicenter, recorded the earthquake. The rupture length was estimated to be

19 kID by integrating the rupture velocity which varied between 2.1 kID/sec and 4.9 kID/sec.

This analysis was impeded by geometric considerations; due to the short rupture length and

the fault orientation relative to the SMART 1 array, variation in the direction of body wave

propagation was approximately 30°.

To attain the seismological goals of this dissertation, analytical techniques had to be

applied that would separate ground motions recorded at an array of accelerometers into

wave types as a function of time. Suites of ground motion data that had wide dynamic

range, low noise, common time base and significant redundancy would be clearly advanta­

geous to work with. The SMART 1 array, located near the city of Lotung in the northeast
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corner of Taiwan, provided such data. I have used data collected from a subset of the

SMART 1 array. This subset consists of a maximum of 25 force-balanced triaxial

accelerometers configured in two concentric circles of radii 200m and tOOOm. These rings

are referred to as I (inner) and M (middle). There are twelve evenly spaced stations on

each ring (numbered 1 through 12) and a central station (C-OO). The circular array suits the

omni-directional azimuthal distribution of likely potential sources of strong earthquakes in

northeastern Taiwan. The SMART I array and the data recorded by the array are described

in more detail elsewhere (Bolt et al., 1982; Abrahamson, 1985; Appendix A of this disserta­

tion).

Two large earthquakes that occurred near the SMART 1 array have been selected for

analysis: Event 5, (ML =6.3, epicentral distance to array center = 30.2 km, focal depth = 25.2

km) that occurred on 29 January 1981 04:51 UTC and was recorded by 17 sub-array sta­

tions; and Event 39, (ML=6.5, epicentral distance to array center = 22.2 km, focal depth =

10.2 krn) that occurred on 16 January 1986 13:04 UTC and was recorded by 23 sub-array

stations. The peak horizontal ground acceleration recorded at the array is in excess of

0.24g for both events.

In previous studies of recordings from the SMART 1 array, Loh and Penzien (1984)

identified wave types by estimating a principal variance ratio. This ratio is defined as the

cross-correlation in the minor principal direction (xo) at frequency (fo) divided by the

cross-correlation in the major principal direction (<flO> at frequency f o' The statistic ranges

over the values 0 to 1. Low values of the ratio correspond to a single wave type dominat­

ing the ground motion. Event 5 recordings during a 7.0 second time window containing the

large amplitude ground accelerations were examined from various station pairs. These

authors concluded that on the horizontal components the Rayleigh waves are the primary

source of energy for frequencies less than approximately 2.5 Hz and SH and perhaps Love

waves are the primary source of energy for frequencies from 2.5 to 6 Hz. (The observation

of surface waves at a distance comparable to the focal depth is in agreement with Brune,
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1976.) Above 6 Hz, the ground motion contained many scattered wave arrivals and could

not be characterized as a single wave type. Loh and Peng (1985) analyzed the three com-

ponent accelerograms from the same event using particle motions to identify P, SV and SH

waves at different frequencies. These authors identified SV waves at 1.17 Hz, SH and SV

waves at 2.87 Hz and P waves in the frequency band between 5.0 and 8.0 Hz. Both of

these studies used single stations or station pairs to identify the wave types.

Abrahamson (1985) used 27 stations simultaneously in a narrowband frequency-

~ ~

wavenumber (r-k ) analysis (see Chapter 2.3). The essential feature of f-k analysis is the

decomposition of the incident wave t1eld into constituent monochromatic plane waves, each

having its own propagation velocity and its own direction of travel (see e.g. Bullen and

Bolt, 1985). After such decomposition the various seismic waves can be identified, as body

or surface waves incident from different directions, using conventional seismic wave

discrimination techniques (slowness, polarization, particle motions, etc.). Using an estimate

of the apparent horizontal wave slowness, Abrahamson (1985) qualitatively demonstrated

that this technique could be used to determine, under certain circumstances, the percentage

of coherent P or S-waves as a function of time in the strong motion record. At 2 Hz on the

vertical component and during a time window after the direct S-wave onset, Abrahamson

~

observed two distinct peaks in the f-k spectrum, one at the P-wave slowness (s=0.09

sec/km) and one at the S-wave slowness (s=0.3 sec/km). The amplitude of the P-wave peak

was approximately 3 db lower than the amplitude of the S-wave peak, an observation indi-

eating that, at 2 Hz in this time window, there is slightly more S energy than P energy.

The central body of this work is a detailed analysis of the cross-spectral matrix for the

three components of rotated ground accelerations from two large earthquakes recorded at

the SMART 1 array. Two complimentary methods of analysis of the cross-spectral matrix

-+
are used. The f-k method, extended to a broad range of frequencies, provides a decomposi-

tion of the cross-spectral matrix into broadband coherent, planar waves as a function of

time. The second technique, calculated from the invariants of the cross-spectral matrix,
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decomposes the ground accelerations into broadband polarized, planar waves as a function

of time. For the first time, analysis of data recorded by an array of accelerographs and util-

izing these broadband techniques provides, from ground accelerations recorded within 30

km of the source, a quantitative measure of the mixture of wave types as a function of time.

The structure of this dissertation is as follows. Chapter 2 describes in detail the

methods of computation of the cross-spectral matrix and the frequency-wavenumber esti-

mate, and the polarization analysis used in the following chapters. Chapter 3 employs a

--+
broadband f-k method in a sliding time window analysis of strong ground motions. The

azimuth and apparent horizontal slownesses of broadband coherent, planar P, S and surface

waves are estimated as a function of time. Multichannel data allow the estimation of a

cross-spectral matrix containing all the necessary information on the polarization of the

wavefield. In chapter 4, the wavefield, in sliding time windows, is decomposed into broad-

band, polarized planar waves by using estimates of the invariants of the cross-spectral

matrix. The frequency dependent degree of polarization is estimated as a function of time.

Chapter 5 compares the results obtained using these two methods, discusses the implications

of the results for the generation of synthetic seismograms, and makes recommendations for

future research.
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CHAPTER 2: METHODS OF COMPUTATION

2.1 Introduction

~

Both the frequency-wavenumber (f-k) analysis of chapter 3 and the polarization

analysis of chapter 4 are primarily based on information contained in the cross-spectral

matrix (8(00». A clear understanding of the cross-spectral matrix and some of its basic pro-

perties is, therefore, necessary in order to conduct these analyses. The notation given here

follows Brillinger (1981).

2.2 The Cross-spectral Matrix

The recorded ground accelerations at the jth station of the SMART 1 array, it (fi,t),

represent a three dimensional wavefield. The locations of the array stations are given by

1j = (xi'Yj,Zj)' Estimates of the cross-spectral matrix are commonly constructed from the

recorded signals, it (fi,t), in one of the following two ways. 8(00) is the Fourier transform

of the matrix of cross-covariances and is given by

1 00 •

8(00) = - L c(a) e-lfJXX

2n a=-OO
for -00< 00 <00 . (2.2.1)

The component (Cub) of the matrix c is the cross-covariance of the ath component of the

time series u(r' j,t) t ==O,± I,... with the bth component of the time series it (r'bt) t =O,± 1,...

The clements of the smoothed cross-spectral matrix are also given by

(2.2.2)

where d';(r' j'OO) is the T length discrete Fourier transform of the ath component of it(fi,t)

and is given by

T-I

dT(~ ) A ~ (~ ) -jO>t
u r i'OO =atk UQ r i,t e ,

t=O
(2.2.3)

where the overbar indicates the complex conjugate. The sample interval (At) is equal to
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0.01 second for the digitally recorded SMART 1 data. The weights or tapers, am, are nor-

malized so that they sum to unity. A Hamming window function is a common choice for

am (McLaughlin, 1983; Abrahamson and Bolt, 1987). Implicit in equation (2.2.2) is the

dependence of 8(0)) on the frequency bandwidth given by Ao> = 21C(2M + l)/T l1t. The esti-

mate of S(o» in (2.2.1) is unbiased when the spectra are flat (Jenkins and Watts, 1969).

The estimate of the cross-spectral matrix is smoothed over 2M+1 near-neighbor fre-

quencies where the values are assumed to be independent, identically-distributed complex

normal variates. The smoothing is applied to the individual cross-spectral estimates, (2.2.2),

and not to the Fourier spectral estimates, (2.2.3). The complex Fourier transform values

have a mean of zero, but the product in (2.2.2) has a non-zero mean over narrow frequency

bands (Abrahamson, 1985).

Equation (2.2.2) can be rewritten as

(2.2.4)

where Aj(O>m) and IPj(O>m) are the Fourier amplitude and phase, respectively. For a single

deterministic signal, the arithmetic mean for the complex exponential of the phase

differences in equation (2.2.4) is zero so that smoothing a slow deterministic signal over a

broad frequency band results in Sjk(O» = 0 and the signal is destroyed. An alternative

(Abrahamson, personal communication) is to define the cross-spectral matrix using a

weighted geometric mean. The elements of the cross-spectral matrix are then given by

M .
Sjk(O» = 11 [A/Cl>m)Ak(O>m)e'('j(Cl)ml-MCOmlltm ,

m:-M

and can be rewritten as

M M
Sjk(O» = IT [A/O>m)Ak(O>m)tmexp[i L am('Pj(O>m)-'Pk(O>m))]

m:-M m:-M

(2.2.5)

(2.2.6)

For a single deterministic signal with constant slowness, the phase difference between sta-

tions, unwrapped to remove the 21C phase jumps, is linear with respect to frequency. The
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cross-spectral matrix defined in (2.2.6) can then be smoothed over an arbitrarily wide fre-

quency band without destroying the deterministic signal as long as the phase differences are

unwrapped and the weights, am, are symmetric; that is, am :::: a_m.

The following are some elementary properties of the cross-spectral matrix.

1) S(ro) is an NxN matrix, where N is the number of stations.

2) S(ro) is Hermitian, that is, S{roJ :::: ST(ro) where the superscript T denotes the transpose.

The eigenvalues of S(ro) are real and positive; the eigenvectors are generally complex

valued. For numerical analysis, each eigenvalue of S(ro) is perfectly conditioned; that is,

the (absolute) change in an eigenvalue is not more than the (absolute) change in S(ro). In

other words, the problem of determining eigenvalues of Hermitian matrices is always well

posed; the solution is well determined by the data, ltCtj,t) (Noble and Daniel, 1977; Parlett,

1980).

3) S(ro) is non-negative definite; that is, dTS(ro)ci ~ 0 for all Nxl vectors d with complex

entries.

4) Upon normalizing the Fourier spectral estimates in (2.2.3) to remove the site effects or

the effects of uniform attenuation, S(ro) in (2.2.2) becomes the matrix of exponential phase

differences whose elements are given by

with phase

T-+
T -+ 1 Im(du(r ,ro»

I/lu(r ,ro) = tan- [ )
Re(dJ(f ,ro»

(2.2.7)

(2.2.8)
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2.3 Frequency-wavenumber Methods

The reader is referred to Capon (1969), McLaughlin (1983), Abrahamson (1985), Bril-

linger (1985) and Abrahamson and Bolt (1987) for more information on the conventional

(CV), the high-resolution (HR) and the maximum-likelihood estimates of the power in the

wavefield. These methods assume that the incident wavefield is composed of plane waves,

each with its own apparent propagation velocity and direction across the array (see Bullen

and Bolt, 1985).

The conventional (or beamforming) estimate of the power spectrum is

--+ 1 i'tT --+ --+ --+
pC (k ,ro) = -2 U (k )8(ro)U (k) ,

N
(2.3.1)

where ul;) =exp(ik ·1j ) are the elements of the beamsteering vector. The statistical pro-

perties of the estimate are discussed by Capon and Goodman (1970) and Capon (1971).

The 90% confidence interval in decibels is approximately given by

± 20
(k-l)'h

(2.3.2)

where k is the number of degrees of freedom for an xl-variate (Blackman and Tukey,

1959). For the conventional estimate, k=4M+2 where the cross-spectrum has been

smoothed over 2M+1 near-neighbor frequencies.

The high resolution estimate of the power spectrum is

(2.3.3)

The statistical properties of the HR estimate are also discussed by Capon and Goodman

(1970) and Capon (1971) who show that pHR(k ,ro) is a biased estimate. This bias is easily

removed by scaling the HR estimate by 2 2M+1 As for the conventional method, the
M-N+2

90% confidence interval in decibels is approximately

± 20
(k-l)'h

(2.3.4)
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(Blackman and Tukey, 1959), although for the HR estimate, k = 2(2M-N+2) in the xl distri-

bution. For the chi-squared distribution to be valid the cross-spectral matrix must be

smoothed over at least as many near-neighbor frequencies as there are stations (2M +1 ~ N).

Table 2.1 gives the frequency bandwidths as a function of the number of stations (N) and

the length of the Fourier transform (T). To obtain bandwidths of 1 Hz or less for the entire

SMART 1 array requires a Fourier transform of approximately 4096 points, longer than

most of the recorded acceleration time series (that range from 25 to 30 seconds, 2500 to

-+
3000 sample points). For narrowband f-k estimates, the requirement that 2M+ l?N leads to

a decrease in the validity of the statistical distribution as N decreases (see Abrahamson,

1985) and a trade-off between spatial sample redundancy and spatial aliasing.

Table 2.1

TIME SAMPLES SMALLEST FREQUENCY NUMBER OF STAnONS SMOOTHING MINIMUM BANDWIDTH

(T~t)-l 2M(T~t)-1

(T) (Hz) IN) (M) (Hz)

128 0.7813 13 6 9.38

25 12 18.75

37 18 28.13

256 0.3906 13 6 4.69

25 12 9.38

37 18 14.06

512 0.1953 13 6 2.34

25 12 4.68

37 18 7.03

1024 0.0977 13 6 1.17

25 12 2.34

37 18 7.03

2048 0.0488 13 6 0.59

25 12 1.17

37 18 1.76

4096 0.0244 13 6 0.29

25 12 0.59

37 18 0.88

-+
The maximum-likelihood f-k estimate of the power spectrum (Brillinger, 1985) is

given by

(2.3.5)
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where the components of the modified cross-spectral matrix, S'(co), are given by

(2.3.6)

The maximum-likelihood estimate of the power spectrum compares the power at a discrete

center frequency (co) with a weighted sum of power at neighboring frequencies. For this

reason, the estimate may be sensitive to the assumption that the signal is a single harmonic.

Other estimates of the power spectra have been made by, for example, Lacoss (1971),

Pisarenko (1972) and Shumway (1983). Lacoss (1971) reviews the maximum entropy

method; Pisarenko (1972) introduces a class of non-linear estimates of which the conven-

tional and high-resolution estimates are special cases. These estimates are the weighted

means of the eigenvalues of the covariance matrix (e.g., the arithmetic mean or the

geometric mean). Shumway assumes that noise is spatially white in his derivation of an

estimate (Shumway, 1983).

2.3.1 Narrowband Frequency-wavenumber Estimates

--+
Using the conventional estimate of the power spectrum, narrowband f-k estimates are

obtained from (2.3.1) by smoothing the cross-spectral matrix over the required number of

--+
near-neighbor frequencies. However, for narrowband f-k estimation to be valid using the

HR or the maximum likelihood estimate of the power spectrum, the cross-spectral matrix

must be smoothed over at least as many frequencies as there are stations. Because most of

the array stations are generally used in making an estimate, large bandwidths are required

when analyzing data gathered with SMART 1 (see Table 2.1). This requirement leads

naturally to the use of broadband frequency-wavenumber estimates.

2.3.2 Broadband Frequency-wavenumber Estimates

--+
When making broadband f-k estimates care must be taken not to destroy deterministic

signals. As mentioned in section 2.2, one method (Abrahamson, personal communication)
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smooths the cross-spectral matrix by a weighted geometric mean of estimates at nearby fre-

quencies (see (2.2.5) and (2.2.6». Alternatively, Bostwick et al., (1985), Spudich (1986)

and Spudich and Oppenheimer (1986) suggest working in the slowness plane instead of the

wavenumber plane. Direct body waves arrive at the array with constant slowness for all

frequencies, whereas the sidelobes and aliases of the impulse response are at constant

wavenumber and therefore appear at different slownesses for different frequencies. Peaks

-+
corresponding to signals in the f-k spectra for different frequencies in the slowness plane

will sum constructively, side lobes and alias peaks will sum destructively. This process is

called slowness stacking. The range of frequencies used for either smoothing the cross-

spectral matrix or slowness stacking depends on the aperture of the array and the frequency

content of the signal. The lower frequency limit is detennined by the width of the peaks in

the slowness plane and is a function of array aperture (see, for example, Davis and Regier,

1977; Spudich and Oppenheimer, 1986) and the smallest frequency in the Fourier domain

(Table 2.1). The upper frequency limit is detennined solely by the upper frequency limit of

the spectral content of the signal. Tests with synthetic data reported by Spudich (1986)

have shown slowness stacking to be effective in distinguishing between spurious peaks and

real signals.

Both of these methods appear to work equally well for non-dispersive body waves

from a single source. However, care must be used when analyzing sections of seismograms

that record dispersive surface waves that have arrived at the array with varying slownesses.

Figures 2.1a and 2.1b show the SMART 1 sub-array impulse response for the conven-

-+
tional f-k method. The bandwidth of the estimate is approximately from 1.1 to 9.8 Hz.

The width of the central peak is detennined by the array aperture and the width determines

the resolution of the conventional estimate in the wavenumber or slowness domain.

-+
In chapter 3, broadband f-k estimates produced by slowness stacking are applied to

the recorded ground motions before the surface wave arrivals. The later part of the strong

motion record consisting of a mixture of body and surface waves may be conveniently
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~

analyzed using either broadband f~k analysis, provided the surface waves are only weakly

~

dispersed, or narrowband f-k analysis.

2.3.3 Frequency·wavenumber Estimates With Multiple Signals

As has been discussed, in the near-source region of a large earthquake multiple waves

may arrive at the receiver simultaneously. Various researchers have studied this problem

~

using narrowband f-k estimates. Woods and Lintz (1973) demonstrated that the HR

method can resolve two closely spaced plane waves at 4.1 Hz when the CV method may

not. Cox (1973) observed that when multiple interfering plane waves are present the

resolving power of the HR technique is similar to that of the CV technique. Der and Flinn

(1975) used an eigenvector decomposition of the cross-spectral matrix to show that two

plane waves could be independently resolved using data gathered at an array if the waves

are not of comparable amplitude or if the slowness of one wave did not coincide with a side

lobe of the beam pattern directed at the other wave. Goldstein and Archuleta (1985, 1986,

1987) compare an algorithm named Multiple Signal Characterization (MUSIC) with the HR

method. MUSIC is also based on an eigenvalue decomposition of the cross-spectral matrix

and locates multiple closely spaced plane wave sources and automatically selects the most

energetic N-l sources where N is the number of receivers.

Bostwick, et al., (1985) and Spudich (1986) have studied multiple signals using broad-

~

band f-k methods. These authors report that they have been able to resolve multiple sig-

nals arriving at similar slownesses and azimuths, in synthetic data using slowness stacking

of conventional estimates of the power spectra. Under these circumstances results using the

HR method may be difficult to interpret. When several signals are present, Shumway

(1983) suggests a step-wise procedure: first estimate the dominant signal and remove it to

obtain a residual series, then compute the estimate of the power spectrum again with the

residual series. Detection statistics for determining the presence of a signal are discussed in

Shumway (1983) and Brillinger (1985).
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In chapter 3, the conventional estimate of the power spectrum will be stacked over

slowness for eleven frequency estimates. The bandwidth used in these calculations is

between 1.1 and 9.8 Hz and between 1.1 and 5.1 Hz on the vertical and horizontal com-

ponents, respectively. These spectra are interpreted in terms of planar, broadband seismic

waves propagating across SMART 1.

2.3.4 Frequency-wavenumber Estimates Of Spherical Waves

It has been suggested (see Aki 1969, 1982) that the scattering of body and surface

waves by inhomogeneities in the crust and conversion between these wave types is respon-

sible for the seismic coda. At least two scattering processes contribute to the generation of

seismic codas. Strong forward scattering (see, e.g. Chemov. 1960) has the effect of sum-

ming a large number of multipathed signals that travel along various ray paths between the

source and the receiver. A second scattering mechanism occurs locally and is caused by

heterogeneities in the Earth near the array. (Modeled as self-similar velocity fluctuations in

the crust by Frankel and Clayton, 1986). Howe (1973) predicts that for this local scattering

an equipartitioning of scattered energy occurs among all wavenumbers; thus the energy

arrives from all directions. A combination of these two mechanisms may provide a good

qualitative description of P, S and surface wave codas (Scheimer and Landers, 1974).

~

The conventional f-k analysis (see (2.3.1» employs a plane wave model for the wave

field that is applicable when the distance between the source and the array is much larger

than the sub-array diameter, 2 km in this study. Scattered and converted waves may be

important in the near-source region of large earthquakes. For wave sources close to or

within the array (e.g. scatterers) a spherical wave model for the wave field is required. To

-+
calculate the conventional f-k estimate of the power for spherical waves requires

-+
modification of only the beam steering vector (Uj(k ». For a point source located at t j and

an array station located at t to

(2.3.7)
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where r is the distance between the point source and the array station, c is the phase velo-

city and 00 is the angular frequency. The power, given by

c --+ 1 i+T --+ --+ -+
P (r j'oo) = -2 U (r )8(00)U(r)

N
(2.3.8)

is calculated over a two-dimensional grid for point source location in which the depth of the

point source is held constant.

--+
In section 3.4, f-k estimates of the power spectrum calculated from (2.3.8) are stacked

over slowness for eleven frequencies. These spectra are interpreted in terms of spherical,

broadband seismic waves propagating across SMART 1 from a point source within, or near,

the array.

2.4 Polarization Analysis

2.4.1 Introduction

The polarization properties of electromagnetic fields in the disciplines of optics and

radio transmission fonn the basis of much of the theory to be presented (e.g. Born and

Wolf, 1980). The term polarization describes the directional properties of either a vector

process or a wavefield in a real vector space. Following Samson (1973) and Samson and

Olson (1980), the concept of polarization will be further generalized to a unitary space in

section 2.4.2. Linearly polarized wave motion occurs when S(oo) in (2.3.8) has only one

non-zero eigenvalue. Conversely, a completely unpolarized wavefield occurs when all the

eigenvalues of 8(00) are equal.

It is well known that elastic waves in the Earth have distinct polarization patterns (see

Aki and Richards, 1980; Bullen and Bolt, 1985). In primarily laterally homogeneous struc-

tures the following properties are commonly observed in the far-field. The P-wave is non-

dispersive and its power ranges primarily between 0.1 and 10+ Hz. The wave is polarized

linearly in the direction of propagation and thus its motion exists primarily on vertical and

radial components. The S-wave is non-dispersive and has power ranging primarily between
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0.1 and 10+ Hz. The S-wave is polarized transversely to the direction of propagation and

thus its motion exists primarily on vertical and radial components (SV) or on the transverse

component (SH). The Love wave is dispersive and its power ranges primarily between 0.01

and 5.0+ Hz and is polarized primarily in the transverse direction. The Rayleigh wave is

dispersive and has power primarily between 0.01 and 5.0+ Hz. This wave is polarized pri­

marily in the vertical-radial plane for the fundamental mode, It usually exhibits retrograde

particle motion. In higher modes the Rayleigh wave may exhibit either prograde or retro­

grade particle motions in the vertical-radial plane (see e.g. Mooney and Bolt, 1966). In

anisotropic media, both body and surface waves are three-dimensionally polarized (Cram­

pin, 1977).

For equation (1.1) in the near-source region, the radiation patterns for the near-field

term and the intermediate-field P and S-wave terms have components in the radial, longitu­

dinal and transverse directions. In the horizontal plane the near-field terms and the far-field

S-wave term are oppositely polarized. The near-field, intermediate-field P-wave and far­

field P-wave all have the same polarization in the radial direction (Aki and Richards, 1980).

Also, conversion between P and SV energy at the free surface may produce phase

differences between different components of motion for incident SV waves (Nuttli, 1961)

and Rayleigh waves (Aki and Richards, 1980). Polarization anomalies have also been

observed for teleseismic waves propagating in an anisotropic upper mantle (Kirkwood and

Crampin, 1981).

Earlier work using the polarization properties of elastic waves concentrated on the

design of filters to separate body waves into compressional and shear phases or to enhance

or attenuate surface waves as desired (see Flinn, 1965; Mims and Sax, 1965; Montalbetti

and Kanasewich, 1970). Smart and Sproules (1981) designed a polarization filter to esti­

mate the back-azimuth of earthquakes. Plesinger, et al., (1986) defined an average coordi­

nate system to determine onset time, pulse duration and wave type for waves of arbitrary

polarization. A relatively complete summary of the theory and applications of polarization
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filters in seismology is given in Kanasewich (1981).

2.4.2 Array Polarization Method

The polarization of a wavefield recorded using an array of stations can be analyzed by

examining the eigenstructure of the cross-spectral matrix (2.2.2). The characteristic equa-

tion of S((0) is given by

N

'P(oo) = La,A' = 0 ,
,=0

(2.4.1)

where A is an eigenvalue of S(oo) and a, can be expressed in terms of the N scalar invari-

ants of the matrix: (tr(S'), I =1,N) (see Mal'cev, 1963). The eigenvalues are real since S(w)

is Hermitian (see section 2.2). The first few coefficients are

aN = 1.0 ,

aN-I = -trS ,

1
aN-2 = I«trSP-trS2

) ,

aN_3 =- ~ (trS3
- ; (trS)(trS2

) + i(trS)3) ,

and ao = detS for all N. Following Samson and Olson (1978) the cross-spectral matrix can

be expressed in a set of N2 outer products, Ititj(j,k = I,N). The vectors It j form a com-

plete orthonormal basis in a unitary subspace, that is, It/ltk = 0jk' The symbol (+) denotes

the Hermitian adjoint or the complex conjugate of the transpose and Ojk is the kronecker 0.

If Itj are the eigenvectors of 8(00) then the expansion has the form

N

8(00) ::; LAjltjltt
j=1

(2.4.2)

Equation (2.2.2) for the cross-spectral matrix contains all the necessary information on

the polarization of a wavefield. The frequency dependent degree of polarization, 13(00), is a

scalar invariant of 8(00) and also depends on the frequency bandwidth of 8(00) given in
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section 2.2 (f1ro=21r(2M+l)/Tf1t). When S(ro) is computed for a wavefield containing a sin-

gle polarized wave the cross-spectral matrix has only one non~zero eigenvalue. For this

case, (trS)2 = trS2 and CXN-2 = 0 and one can choose the degree of polarization,

f3 2(ro) = 1 _ (trS)2- trS2 (N)I).

(trsi- ~ (trS)2

Equation (2.4.3) can be rewritten as

f32(ro) = NtrS
2

- (trS)2 (N)l),
(N-I)(trSi

(2.4.3)

(2.4.4)

where O~ f3 2(ro) ~I (Samson, 1973; Samson and Olson, 1980). Equation (2.4.4) does not

require the diagonalization of S(ro). It may also be rewritten in terms of the eigenvalues of

S(ro) in a unitary space as

1 N
f3 2 (ro) = L (;..·-;..d (N)l).

2(N -1)(trS)2 j,k=1 J

Other functions can be used. For example,

(2.4.5)

(2.4.6)

can be used to estimate the polarization of the wavefield. Note that both (2.4.5) and (2.4.6)

require the diagonalization of the cross-spectral matrix.

In (2.4.4), if a wavefield is composed of a single linearly polarized wave then

f3 2(ro) = I; or, if the wavefield is isotropic noise then f3 2(ro) = O. If one wishes to measure

the degree of polarization in a real vector space the equivalent formula is

f31(ro) = Ntr(ReS)2_(trS)2 (N)I).
(N -I )(trS)2

(2.4.7)

If a wavefield contains two polarized waves then two eigenvalues of S(ro) are non-zero

and CXN_3 = O. In analogy with (2.4.3) one can estimate f3i (ro) that indicates whether a wave

is restricted to a plane in unitary space. In this sense



13i (£0) = I -
trS3- t (trS)( trS2)+t (trS)3

I 3 I 3(---+- )(trS)
N 2 2N 2

(N)2).
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(2.4.8)

In a real vector space the equivalent fonnula is

3 I
tr(ReS)3-

2
(trS)(tr(ReS)2)+ 2(trS)3

1 3 I 3(---+-)(trS)
N 2 2N 2

(N)2). (2.4.9)

These estimates can be extended to include cases where more than two eigenvalues of S(£O)

are non-zero. Broadband estimates of the polarization of a wavefield may also be con-

structed from narrowband estimates by averaging narrowband estimates over the desired

bandwidth.

Since the estimates of the polarization of the wavefield are constructed from scalar

invariants of S(£O), (e.g. trS and trS2
) the value of the measure does not depend on the coor-

dinate system of the instrument. This rotational invariance does not hold for the coherence

of the wavefield that depends on the coordinate system. Following Samson (1980) the

coherence of the wavefield in a unitary space is

(N?2) (2.4.10)

where Ujk = It/it:. The coherence of the wavefield is related to the polarization of the

wavefield by

(2.4.11)

or by

(2.4.12)

where -;j and -;k are real orthononnal vectors. The polarization of the wavefield thus pro-

vides a rotationally invariant lower bound on the coherence of the wavefield.
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Estimates of the polarization of a wavefield are inherently biased. The bias is caused

by two factors. If the noise in the data is spatially anisotropic the estimates can assume

large values even when no signal is present. Second, since the estimates are from a small

number of frequency samples, (2M+l), the estimates may have large biases (Jenkins and

Watts, 1968).

The noise in recorded accelerations can come from four sources; instrument noise,

recording noise (e.g. quantizing errors in digital recording), naturally occurring noise and

signal generated noise. The instrument and recording noise are negligible for events 5 and

39 due to the large recorded signal amplitudes. A sample of naturally occurring noise was

recorded by the pre-event memory. Generally, the amplitude of the ground motion before

the P-wave onset is ± one count (0.96 gals). Signal generated noise is difficult to evaluate

because it is likely to be non-stationary as well as correlated and mixed with the signal.

Samson (1983) proposes an asymptotic correction for f32(w) that assumes 2M+l»N.

The first term in the this correction is

N (1 + 3(trS2
)2 _ 4trS3 )

(N-1)(2M+1) (trS)4 (trS)3
(2.4.13)

Samson shows that the bias decreases as N increases in two examples. For the estimates of

the polarization of a wavefield in chapter four, N>2M+1 so that the asymptotic expansion is

not valid. The "jack-knife" method has also been advocated (Tukey, 1958, Samson, 1983)

to estimate the bias. This method assumes that the weights, am, in (2.2.2) are equal. It is

unclear how one might apply the "jack-knife" method when making estimates of the cross-

spectral matrix when unequal weights are used in (2.2.2).

In chapter four, estimates of the polarization of the wavefield (e.g., 13 2(w) and f3i (w»

are made for two large earthquakes recorded at SMART 1. These estimates are calculated

--+
for identical time windows and bandwidths as were used for the f-k calculations of chapter

three. The estimates of the polarization are interpreted in terms of broadband polarized

waves arriving at the sub-array and provide a lower bound on the wavefield coherence.



EVENl 5
CV IMPULSE RESPONSE N=17
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EVENl 39
CV IMPULSE RESPONSE N=23
CEN1ER FREQUENCY (Hz) = 5.0

Figure 2.1: The broadband conventional frequency-wavenumber impulse response for event
5 (a) and event 39 (b) using the SMART I sub-array consisting of the center, inner and
middle rings. The impulse response is computed by slowness stacking over 11 frequencies
from 1.1 to 9.8 Hz.
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CHAPTER 3: SEPARATION OF WAVE TYPES USING FREQUENCY.

WAVENUMBER METHODS

3.1 Introduction

In this chapter, the mixture of wave types in the near-source region of two large earth-

quakes recorded at SMART 1 is estimated as a function of time (see figure 3.1 and table

-+
3.1). Using conventional f-k analysis (see 2.3.1 or 2.3.8) one estimates the best fit of a

broadband plane wave or spherical wave to the rotated ground accelerations. The conven-

tional estimate of the plane wave power is chosen because it is robust with respect to multi·

pie signals, slowness stacking of the estimate suppresses aliases and the estimate does not

require the inversion of the singular cross-spectral matrix. The plane wave power in each

of ten time windows is estimated at eleven distinct frequencies over a slowness grid extend-

ing to 1 sec/km in both horizontal directions. The estimated values of the plane wave

power are separated by 0.05 sec/krn. The plane wave power is then stacked at constant

slowness over the 11 frequencies to obtain a bandwidth of 1.1 to 9.8 Hz on the vertical

component and 1.1 to 5.1 Hz on the horizontal components. An estimate of the broadband

plane wave power displayed as a function of slowness is given in figure 3.3. From its peak

the plane wave power is contoured down in decibels (db). The lowest contour shown is 7

db from the peak. This contour corresponds to the 90 percent (approximate) confidence

-+
interval in (2.3.2) when K=10 (M=2) for a single narrowband f-k estimate of the plane

-+
wave power. Lower power levels are not shown. For the broadband f-k estimate of the

plane wave power, assuming the plane wave power is roughly constant for each of the

eleven narrowband estimates, the 90 percent (approximate) confidence interval is ±4db

(with K ",,22 and M ""5 in (2.3.2)). In this chapter the 90 percent (approximate) confidence

interval for broadband estimates of apparent horizontal velocity or peak azimuth is shown in

parentheses after the estimate.

-+
A time window of 256 samples, 2.56 seconds, is used for all of the f-k calculations.
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Samples in the frequency domain are separated by 0.39 Hz (table 2.1). The start of the first

time window is 2.0 seconds after the instrument at the first station in the array was trig-

gered (see figures 3.5a, 3.10a). The starts of the ten overlapping time windows are

separated by 1.0 second. Only data collected from stations in the center, inner and middle

rings of SMART 1 are used to estimate the plane wave power because plane waves pro-

pagating at an apparent slowness of less than approximately 0.64 sec/km would not pro-

pagate across the 4 km aperture of the entire array in 2.56 seconds. The SMART 1 sub-

array station configuration is shown in figure 3.2 for event 5 and in figure 3.9 for event 39.

A peak in the broadband plane wave power may be identified as a P, S or surface

wave by arrival time, apparent horizontal slowness and propagation direction across the

array (see figure 3.3). The P and S-wave slownesses in the focal region are approximated

by the inner circle (5.5 km/sec) and the outer circle (3.3 km/sec), respectively. Because the

horizontal component of wave slowness is a constant of the ray path, a peak located within

the outer circle may be interpreted as an S-wave and a peak located within the inner circle

may be interpreted as either a P or a S-wave. A peak located outside of these circles may

be interpreted as a surface or a scattered wave with slower apparent horizontal propagation

velocity. A peak in the spectrum at a non-epicentral azimuth may be interpreted as scat-

tered energy. Strong forward scattered waves and converted waves may be identified by

their arrival times and apparent horizontal slownesses across the sub-array.

Table 3.1: Taiwan Earthquake Data

EVENT DATE ML DISTANCE DEPTH A.ZIMtrlll NtIMBKil MAX. A.ce. (~nWMCJI«)

TO c·oo(!lm) (km) "'ROM NORTH OJ/STATIONS V EW NS

5 29 JAN 81 6.3 30.2 25.2 149' 16(H).17(V) 97.4 ..8.5 259.'

39 16 JAN 86 6.5 22.2 10.2 64' 23 333.6 USA 317.5

3.2 Application To Simulated Ground Accelerations

-+
The conventional f-k method described above has been applied to two types of simu-

-+
lated ground accelerations. In the first example the f-k spectrum of a random wavefield, an
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approximation of the wavefield produced by the scattering model of Howe (1973), for the

sixteen stations in the event 5 sub-array configuration (figure 3.2) is estimated. The radial

accelerations have an approximately uniform distribution between ± 200cmlsec2
• The con-

toured broadband plane wave power as a function of horizontal slowness is shown in figure

3.3. The spectra of the random wave fields are characterized by low broadband plane wave

power, even though the accelerations range up to 200 cmlsec2• At the 90 percent (approxi-

mate) confidence level, there is no single preferred broadband plane wave propagating

across the sub-array. For example, in figure 3.3a the apparent horizontal velocity is 1.7(00,

1.0) km/sec. The azimuth of the peak plane wave power is poorly determined, ranging

from 00 to 3600 at the 90 percent (approximate) confidence level. Many broadband plane

waves with different apparent horizontal slownesses (or, equivalently, wavenumbers) and

directions of propagation describe the random wave field input in both examples.

In the second example, the radial accelerations from station C-OO for time windows six

and seven (see figure 3.5b for the C-OO radial seismogram and the time window locations)

are the input accelerations at each of the sixteen stations for the event 5 sub-array

configuration (figure 3.2). The homogeneous input accelerations model a single, vertically

propagating, broadband plane wave. The contoured broadband plane wave power (figure

3.4) is centered at zero slowness. The 90 percent (approximate) confidence interval, (00,

15.0) km/sec, in time window six is smaller than the corresponding interval, (00, 8.6)

km/sec, in time window seven. The difference is due to the peak broadband plane wave

power in time window seven, primarily containing S-wave coda and surface wave energy,

being 3.8 decibels below the peak broadband plane wave power in time window six that

contains the direct S-wave onset. The homogeneous wave field in these simulations is well

described by a single, broadband, vertically propagating plane wave at the 90 percent

....
(approximate) confidence level. The conventional f-k estimate of the power spectrum accu-

rately describes both the random and the homogeneous wavefield in both examples.
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3.3 Application To SMART 1 Ground Accelerations

3.3.1 Event 5

Abrahamson (1985) initially studied event 5 in detail and he estimated the hypocentral

parameters of the mainshock and twenty aftershocks. The aftershocks delineated a zone

extending approximately 19 km west from the mainshock hypocenter. A narrow-band, slid-

~

ing time window. high resolution f-k analysis of the ground accelerations was interpreted

as showing propagation of the rupture front through an angle of approximately 30° sub-

tended at the array. The estimated rupture velocity varied from 2.1 to 4.9 km/sec.

~

In the current study, seventeen stations are used in the f-k analysis of the vertical

~

component, however, only 16 stations are used for the f-k analysis of the horizontal com-

ponents because the east-west component at station M-11 malfunctioned. Figure 3.5

displays the vertical, radial and transverse components of the ground acceleration at five

stations. These stations are aligned along the source-array center direction in such a way

that plane waves from the hypocenter move across the stations at approximately their

apparent horizontal slownesses. On the vertical component (figure 3.5a) it is difficult to fol-

low any wave arrival across the array. On the horizontal components (figures 3.5b and

3.5c), however, one can follow, for example, the largest wave motion across the array.

Figure 3.6 shows the variation in peak broadband plane wave power with time for

each of the three components of ground acceleration. The peak vertical broadband plane

wave power remains fairly constant between 7 and 63 (cm/secf. The peak horizontal

broadband plane wave power reaches a maximum after the direct S-wave onset in time win-

dows four through seven and varies between 0.11 and 1900 (cm/sec)2.

Figures 3.7a-3.7j are contour plots of broadband plane wave power as a function of

the apparent slowness of the three rotated components of ground acceleration for the time

windows indicated in figure 3.5. The epicenter for event 5 is at an azimuth of 149°. Thus,

one expects most of the energy to propagate across the array from the southeast quadrant.
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Time windows zero through three contain the direct P-wave arrival and the P-coda portion

of the seismogram; the direct S-wave onset is in time window four.

For these first four time windows (figures 3.7a-3.7d) the vertical component may be

interpreted as a single broadband planar P-wave propagating across the array at an apparent

horizontal velocity of 8.9 km/sec from an azimuth of 153°. For time window zero, the 90

percent (approximate) confidence intervals for the apparent horizontal velocity and azimuth

are (15.0, 5.6) km/sec and (123°, 180°), respectively. The horizontal components may be

interpreted as non-vertically incident P-waves (radial), scattered waves or P waves that have

been converted to S-waves close to the sub-array (figures 3.7a-3.7d). The peak broadband

plane wave power on the horizontal components gradually increases with time and parallels

an increase in broadband plane wave power on the vertical component as direct, converted

or scattered waves continue to arrive at the sub-array. A more complete discussion of scat-

tered waves is presented in section 3.4 using a spherical wave model for the wavefield

(2.3.8).

Time windows four through six (figures 3.7e-3.7g) contain the largest horizontal

ground accelerations and the direct S-wave arrival. On the vertical component in time win-

dow four both a P~wave at an apparent horizontal velocity of 8.9(30.0, 6.0) km/sec and a

SV-wave at an apparent horizontal velocity of 3.7 km/sec are identified. The SV-wave is

more clearly seen on the radial component at an azimuth of 158°(135°, 165°) and at an

apparent horizontal velocity of 3.7(5.1, 2.6) km/sec. The peak plane wave power of the

SV-wave on the vertical component is approximately 3 db lower than the P-wave peak in

-t
agreement with a previously published high resolution, narrowband f-k estimate (Abraham-

son, 1985). The SH-wave on the transverse component has an apparent horizontal velocity

of 2.5(9.0, 1.8) km/sec. In time windows five and six on the vertical component the

wavefield consists of both a P-wave at an apparent horizontal velocity of 8.9 km/sec and an

azimuth of 11r, and a Rayleigh wave at an apparent horizontal velocity of 2.6 km/sec and

an azimuth of 157°. The counterclockwise rotation of the azimuth of the P-wave by 36° in
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time windows four and five is not significantly different from the epicentral azimuth given

by the 90 percent (approximate) confidence interval. The Rayleigh wave peak in time win­

dow five is 3 db lower than the P-wave peak, while in time window six the Rayleigh wave

peak is slightly higher than the P-wave peak. In time window six (figure 3.7g) on the verti­

cal component, surface wave, P-wave and scattered energy are present. The similarity of

the vertical spectrum (figure 3.7g) to the random wavefield (figure 3.3) is apparent. The

vertical wavefield may thus be interpreted as being composed of many broadband plane

waves with different wavenumbers (slownesses).

On the horizontal components in time windows five and six the wavefield may be

interpreted as a single broadband planar S-wave from the epicentral azimuth. The apparent

horizontal velocity of the S-wave on the radial component is greater than its apparent hor­

izontal velocity on the transverse component by 0.6 to 1.1 km/sec. The difference in the

apparent horizontal velocity of the two components is not significant at the 90 percent

(approximate) confidence level. From time window four to six the azimuth of the peak

broadband plane wave power on the radial component rotates from 158° to 143°. The

azimuth of the peak broadband plane wave power on the transverse component remains con­

stant at 150° to 149° and then shifts 6° in time window seven to 143°. The observed rota­

tions of the azimuth of the peak broadband plane wave power are not significant at the 90

percent (approximate) confidence level. An isolated peak in the spectra corresponding to

Love or Rayleigh waves is not observed on the horizontal components (figures 3.7f and

3.7g) due to the large broadband plane wave power in the S-wave and the small difference

in slowness (wavenumber) between the wave types.

The final three time windows (figures 3.7h-3.7j) contain primarily S-waves, surface

waves and coda waves. In time windows seven through nine the wavefield on the vertical

component may be interpreted as scattered energy from many directions or, equivalently,

many wavenumbers (see sections 2.3.4, 3.4 and figure 3.3). The scattered waves have

broadband plane wave power comparable to the broadband plane wave power in the direct
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P-wave because the wave power on the vertical component in time windows seven through

nine is comparable to the wave power in time windows zero through three. The broadband

plane wave power on the transverse component in time window seven is elongated along

the epicentral azimuth by the arrival of the Love wave at an azimuth of approximately

144°. The final two time windows for the horizontal components (particularly the

transverse) show a rotation in the azimuth of the peak broadband plane wave power to

approximately 180°. This peak may be interpreted as surface waves with an apparent hor­

izontal velocity of 2.2(12.3, 1.5) kIn/sec and an azimuth of 180°(125°, 270°) (figure 3.7i,

transverse component). Both the epicentral region and the end of the rupture as defined by

Abrahamson (1985) are within the 90 percent (approximate) confidence interval. Scattered

waves from non-epicentral azimuths are also mixed with surface waves in these last two

time windows on the horizontal components.

In summary, an interpretation of the ground accelerations in event 5 in terms of broad­

band planar waves has demonstrated that;

1) from the epicentral azimuth the P-wave energy propagates across the sub-array for

approximately six to seven seconds at an apparent horizontal velocity of 8.9(15.0, 5.6)

km/sec; an S-wave propagates across the sub-array for approximately four to five seconds at

an apparent horizontal velocity of 3.7(5.1, 2.6) kIn/sec on the radial component and 3.4(6.0,

2.3) km/sec on the transverse component; surface waves from the epicentral azimuth pro­

pagate across the sub-array at an apparent horizontal velocity of 2.2(12.3, 1.5) km/sec. For

both horizontal components the apparent horizontal velocity of the peak broadband plane

wave power across the sub-array increases with time during the S-wave arrival suggesting

that the S-waves arrive with steeper angles of incidence. The increase in apparent horizontal

velocity is not, however, significant at the 90 percent (approximate) confidence level.

2) simultaneous arrivals of P and SV waves and of P and Rayleigh waves are observed on

the vertical component. On the transverse component both SH and Love waves are

observed at the sub-array within the same time window.
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3) scattered or converted arrivals on all components of the ground accelerations are

observed at levels of broadband plane wave power comparable with the broadband plane

wave power of body wave arrivals. The broadband plane wave power in these converted

waves increases with time due to an increase in the broadband plane wave power of the P­

waves arriving at the sub-array. P-wave energy converted or scattered to S-wave energy is

probably recorded on the horizontal components before the onset of the direct S-wave.

Scattered waves dominate the wavefield in the last time windows, especially on the vertical

component.

4) the azimuth of the peak broadband plane wave power on the vertical component

(153°(123°, 180°)) does not vary from time window zero to three, but rotates through 36°

to 117° with the direct S-wave arrival in time window four. The azimuth of the peak

broadband plane wave power during the S-wave arrival rotates counterclockwise by 12° on

the radial component and 6° on the transverse component. None of these azimuths are

significantly different from the epicentral azimuth at the 90 percent (approximate)

confidence level. The sense of these rotations of the peak broadband plane wave power is

opposite to that of the rotations observed using the high resolution, narrowband plane wave

analysis by Abrahamson (1985) and an explanation is required.

In the study by Abrahamson (1985) the estimate of the peak S-wave azimuth of the

narrowband plane wave power was limited by four factors. First, the time dependent S­

wave azimuth was smoothed over one-second time windows. Second, the bandwidth was

limited to l.O±O.8 Hz. Third, confidence levels could not be estimated for the high­

resolution statistic because the number of stations used in the estimate was greater than the

number of frequencies used to estimate the cross-spectral matrix (2M+1<N). Fourth, the

wave type associated with the peak narrowband plane wave power was assumed to be the

S-wave. In figure 3.8 of this study a narrowband (1.2±O.78 Hz) conventional estimate of the

plane wave power for the transverse component for time windows four through nine is

shown. (For a description of the time windows see figure 3.5c.) The 90 percent (approxi-
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mate) confidence interval for these narrowband estimates is ± 7db from (2.3.2). The

azimuth of the peak narrowband plane wave power rotates clockwise from 153°(67°, 255°)

in time window four to 174°(134°, 169°) in time window nine in agreement with Abraham-

son (1985). However, surface waves are the dominant wave type in time windows seven

through nine. They are identified by their apparent horizontal velocity and arrival time. In

time window four the apparent horizontal velocity of the peak narrowband plane wave

power is 4.5(00, 1.5) km/sec and is interpreted as an SH-wave. In time window eight the

apparent horizontal velocity of the peak narrowband plane wave power is 2.2(6.4, 1.2)

km/sec and is interpreted as a Love wave. The apparent horizontal velocities, however, are

not significantly different at the 90 percent (approximate) confidence level due to the small

difference in slowness (wavenumber) between the wave types. For the SH-wave in time

windows four through six, the azimuth of the peak narrowband plane wave power rotates

counterclockwise by 7°, consistent with the 6° rotation observed above for the broadband

estimate of the plane wave power. For the Love waves in time windows seven through

nine, the azimuth of the peak narrowband plane wave power rotates clockwise through 5°.

Neither of these rotations of the azimuth of the peak narrowband plane wave power are

significant at the 90 percent (approximate) confidence level. In summary, the differences

between the two analyses are primarily due to the contamination of the estimate of the peak

azimuth of the peak narrowband plane wave power for the S-waves by surface waves of

greater plane wave power near 1.0 Hz and with azimuths near 1740.

3.3.2 Event 39

Event 39 occurred 8 km closer to the array than did event 5 (figure 3.1). The recorded

peak ground accelerations are the largest recorded at the SMART 1 array through December

~

1986. The locations of the twenty-three stations used in the following f-k analysis are

shown in figure 3.9.

Figure 3.10 displays the vertical, radial and transverse components of the ground

accelerations recorded at five stations in the array for event 39. The stations are aligned
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along the source-array center direction so that plane waves from the hypocenter move

across the stations at approximately their apparent slownesses. It is difficult to follow any

particular wave arrival on the vertical component (figure 3.lOa). On the horizontal com-

ponents (figures 3.lOb and 3.lOc), however, one can easily follow, for example, the largest

amplitude arrival across the array. Figure 3.11 shows the variation of peak broadband plane

wave power with time for each of the three components. All three components have max-

imums in peak broadband plane wave power near the time of the direct S-wave arrival.

The peak vertical plane wave power varies from 19 to 826 (cm/seci, while the peak broad-

band horizontal plane wave power ranges over five orders of magnitude over time windows

zero through nine.

Figures 3.l2a-3.l2j are contour plots of broadband plane wave power for the three

rotated components of ground acceleration as a function of slowness. (The time windows

~

used in the f-k calculations are shown at the bottom of figure 3.10.) The epicenter for event

39 is at an azimuth of 64°. Thus, one would expect most of the recorded power to be

located in the northeast quadrant as can be observed in figure 3.12a for the vertical com-

ponent.

The first two time windows (figures 3.l2a and 3.l2b) contain the P-wave from the

hypocenter and P-coda energy before the direct S-wave onset (in time window three). On

the vertical component the energy arrives from the northeast quadrant although the peak

broadband plane wave power is rotated 40° to 50° counterclockwise of the epicentral

azimuth. The epicentral azimuth is included, however, within the 90 percent (approximate)

confidence level. The apparent horizontal velocity across the sub-array in time window one

is 4.9(20.0, 3.6) km/sec which implies that the P-wave velocity in the hypocentral region

can be no greater than 3.6 km/sec at the 90 percent (approximate) confidence level since

slowness is a constant of the ray path. The apparent horizontal P-wave velocity of 4.9(20.0,

3.6) km/sec in event 39 is less than the 8.9(15.0, 5.6) km/sec observed in event 5. The

hypocenter of event 5 is 15 km deeper and 8 km further from the array center than the
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hypocenter of event 39. Waves from event 5 probably travel a more nearly vertical path

near the sub-array than waves from event 39 and therefore produce larger apparent horizon­

tal velocities. In time windows two through eight (figures 3.12b-3.12h) the peak of the

broadband plane wave power on the vertical component has an apparent horizontal velocity

greater than 6.3 kIn/sec. The azimuth of the peak broadband plane wave power varies

greatly because the vertical ground accelerations are composed of nearly vertical incident

waves. In time window six, a secondary peak located along the epicentral direction may be

interpreted as a Rayleigh wave propagating across the sub-array. The Rayleigh wave is

more clearly identified on the radial component and has an apparent horizontal velocity of

3.7(00, 1.7) km/sec and an azimuth of 68°(0°, 360°). This secondary peak is approximately

2 db down from the maximum broadband plane wave power (150 (cm/sec)2). The final time

window for the vertical component has a peak at an azimuth of 276° that may be inter­

preted as a scattered wave crossing the sub-array at an apparent horizontal velocity of 2.0

km/sec.

The horizontal accelerations in the first two time windows have low amplitude and

broadband plane wave power. On the horizontal components in time windows zero and one

the peak broadband plane wave power arrives from non-epicentral azimuths that are gen­

erally to the southeast. These are scattered waves that are observed at higher broadband

plane wave power levels in time windows two through four on the transverse component

and time windows two and three on the radial component. The peak broadband plane wave

power of these scattered waves generally increases with time and ranges up to 2340 and

2119 (cm/sec)2 for the radial and transverse components, respectively in time window four.

The direct S-wave onset is in time window three. The onset is obscured by the greater

broadband plane wave power of the scattered waves at the 90 percent (approximate)

confidence level. Scattered arrivals will be further discussed in section 3.4 using a broad­

band spherical wave model for the wavefield (2.3.8).
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In time window four, the direct SV-wave is observed on the radial component at an

azimuth of 72°(0°, 360°) and an apparent horizontal velocity of 3.2(00, 1.4) kIn/sec. The

broadband plane wave power in the transverse component in time window four is again

dominated by waves scattered from an azimuth of 153 0.

The broadband plane wave power is at a maximum in time window five for both hor­

izontal components. Based on average travel times, both S and surface waves arrive at the

array during this time window. However, only one peak is observed along the epicentral

azimuth at an apparent velocity of 3.7(00, 1.6) kIn/sec on the radial component. In time

windows five through nine the peak azimuth of the horizontal wavefield ranges from 56° to

74° on the radial component and from 63° to 74° on the transverse component. The 90

percent (approximate) confidence interval for these azimuths are both (0°, 360°) due to the

broad peaks in the spectrum that within the ±4 db contour usually include zero slowness.

The wavefield may be interpreted as broadband planar S-waves from the epicentral region

in time windows four and five mixed increasingly with surface waves in the later time win­

dows. The S and surface waves have apparent horizontal velocities of approximately 3.2

and 2.7 kIn/sec, respectively. Many of the other peaks in figures 3.12e-3.12j may be inter­

preted as scattered waves from various azimuths.

The event 39 wavefield has been interpreted in terms of broadband plane waves. In

summary, a direct P-wave arriving from the epicentral direction at an apparent velocity of

4.9(20.0, 3.6) kIn/sec is observed in the first two time windows. It is followed by nearly

vertical incident waves on the vertical component in the later time windows. The arrival of

both a P-wave and a Rayleigh wave can be seen on the vertical component in time window

six. The Rayleigh wave has an apparent horizontal velocity of 3.7(00, 1.7) kIn/sec on the

radial component. The early horizontal time windows are dominated by scattered waves

followed by the direct S-wave, with large broadband plane wave power and an apparent

horizontal velocity of 3.2(00, 1.4) km/sec observed in time window four. After the S-wave

onset the azimuth of the peak broadband plane wave power varies by 12° for both
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h0fizontal components in time windows five through seven. There is an indication for both

the S-wave and the surface waves that the azimuth of the peak broadband plane wave power

rotates counterclockwise through roughly 10°. These rotations of the azimuth of the peak

broadband plane wave power are suggestive of source propagation, however, at the 90 per-

cent (approximate) confidence level the differences in the azimuth of the peak broadband

plane wave power are not significant. Scattered waves are increasingly mixed with both S-

waves and surface waves throughout the record.

3.4 Scattered Waves

->
Using conventional f-k analysis of SMART 1 recordings, both event 5 and 39 have

been interpreted as containing scattered wave arrivals. For example, in the later time win-

dows for both event 5 and 39 the energy on the vertical component arriving from many

directions or wavenumbers is a result of local scattering. Also, in event 39 the energy

recorded on both horizontal components before the direct S-wave onset arrives from an

azimuth (180°(83°, 255°), time window three) that is significantly different from the source

azimuth of 64° (see figures 3.l2b-3.12e). This non-epicentral azimuth energy may be inter-

preted as side-scattering of the P-wave from a crustal anomaly or heterogeneous scattering

center close to SMART 1 (Darragh and Abrahamson, 1986; Abrahamson and Darragh,

1987). Aki (1982) shows that for side-scattering, P to S and P to P scattered waves are

roughly comparable in amplitude, and thus transfer energy to both the radial and transverse

components. This can be observed for event 39 in figures 3.12b-3.12e. Scattered energy

from the epicentral direction on the vertical component is difficult to observe in the nearly

vertical wavefield recorded during event 39.

Figure 3.13 is a contour plot of the power of the transverse ground accelerations

->
estimated from a spherical wave f-k analysis, (2.3.8), in event 39 during time window three

(figure 3.l2d). The spherical wave power from sources at a depth of 1.75 km in a region 6

km by 6 km centered on the station C-OO is contoured. The peak is centered 1.0(0.7, 1.5)
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km southeast of the array at an azimuth of 125°(103°, 162°). The peak broadband spheri­

cal wave power is 20 percent larger than the corresponding broadband plane wave model

(figure 3.12d). In figure 3.14 the peak broadband spherical wave power is plotted as a func­

tion of depth. At a depth of 1.75 km the spherical broadband wave power peaks at 1234

(cm/sec)2 (figure 3.13). Wave power greater than 491 (cm/secf (the -4db power level) indi­

cates that the depth is not well constrained between the surface and 3 kIn beneath the sur­

face at the 90 percent (approximate) confidence level. Below 3 km, estimates of the peak

broadband spherical wave power are limited by the aperture of SMART 1.

Note that the epicentral azimuth of event 5 lies within the 90 percent (approximate)

confidence level for the azimuth of the peak broadband plane wave power in figure 3.13.

For event 5 the wavefield on the horizontal components before the direct S-wave onset may

now consequently be interpreted as waves scattered and converted by the crustal anomaly

southeast of the array. The energy in the P-wave is transferred to both scattered and con­

verted, P and S-waves. Scattered S-waves are observed at the array since the array, the

heterogeneity and the epicenter are not co-linear.

In summary, scattered energy in the codas of events 5 and 39 is an important feature

of the recorded ground accelerations. A crustal anomaly (scatterer) located 1.0 km

southeast of the array center at a depth of 1.75 kIn produced scattered waves of broadband

spherical wave power ranging to 1234 (cm/secf, especially on the horizontal components,

during event 39. Due to the lack of sub-surface information southeast of the array the cru­

stal anomaly cannot be correlated with a geological feature at this time.
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Figure 3.1: The location of the SMART 1 array (octagon) in northeast Taiwan and the epi­
centers of events 5 and 39 (stars).
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Figure 3.2: The SMART 1 sUb-array configuration for event 5. The locations of the stations
are shown as stars.
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Figure 3.3: The broadband conventional frequency-wavenumber spectra of a random radial
wavefield for the event 5 sub-array configuration.
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Figure 3.4: The broadband conventional frequency-wavenumber spectra of a homogeneous
radial wavefield for the event 5 sub-array configuration.
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Figure 3.5a: Vertical component accelerograms recorded at five stations in the array during
the 29 January 1981 event. The records are aligned on absolute time and are plotted
according to increasing epicentral distance. The ten time windows used in the analysis are
also shown.
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Figure 3.5b: Radial component accelerograms recorded at five stations in the array during
the 29 January 1981 event. The records are aligned on absolute time and are plotted
according to increasing epicentral distance. The ten time windows used in the analysis are
also shown.
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Figure 3.5c: Transverse component accelerograms recorded at five stations in the array dur­
ing the 29 January 1981 event. The records are aligned on absolute time and are plotted
according to increasing epicentral distance. The ten time windows used in the analysis are
also shown.
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Figure 3.6: The peak power for the vertical (V), radial (R) and the transverse (T) com­
ponent for the 10 windows shown at the bottom of figure 3.5.
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SMART 1 SUB-ARRAY C~NFIGURATI~N (EVENT 39)

.. ..M-01 ....
1-01.........

.. .. ..........
..

o. 1.
k..

2.

Figure 3.9: The SMART 1 sub-array configuration for event 39. The locations of the sta­
tions are shown as stars.
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10 seconds

EVENT 39 VERTICAL

Figure 3.lOa: Vertical component accelerograms recorded at five stations in the array during
the 16 January 1986 event. The records are aligned on absolute time and are plotted
according to increasing epicentral distance. The ten time windows used in the analysis are
also shown.
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10 seconds

EVENT 39 RRDIRL

Figure 3.lOb: Radial component accelerograms recorded at five stations in the array during
the 16 January 1986 event. The records are aligned on absolute time and are plotted
according to increasing epicentral distance. The ten time windows used in the analysis are
also shown.
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10 seconds

EVENT 39 TRANSVERSE

Figure 3.lOc: Transverse component accelerograms recorded at five stations in the array
during the 16 January 1986 event. The records are aligned on absolute time and are plotted
according to increasing epicentral distance. The ten time windows used in the analysis are
also shown.
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EVENT 39

9.08.07.06.05.0\l.03.02.01.0

0.1 L,l---_-'-_----'-__..L--_---'--_---'L...-_...l.-_--1..__.l..-._....J
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Figure 3.11: The peak power for the vertical (V), radial (R) and the transverse (T) com­
ponent for the 10 windows shown at the bottom of figure 3.10.
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EVENT 39, T COMPONENT, SUDING WINDOW (3)

S WAVE VELOCITY, DEPTH = 1.75 KM

PEAK POWER = 0 12340H04
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Figure 3.13: The broadband conventional frequency-wavenumber spectra modified for
spherical waves for the transverse component of event 39 in time window 3. The station
locations are shown as stars. Note that the sub-array has been augmented by stations in the
outer ring to improve the estimate of the location of the heterogeneity (from Abrahamson
and Darragh, 1987).
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EVENT 39, T COMPONENT, WINDOW (3)
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Figure 3.14: Peak power from the conventional frequency-wavenumber spectra modified for
spherical waves as a function of point source depth (from Abrahamson and Darragh, 1987).
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CHAPTER 4: POLARIZATION ANALYSIS

4.1 Introduction

In this chapter, the polarization of the wavefields of two large earthquakes recorded at

SMART 1 (see figure 3.1 and table 3.1) is estimated. The goal of this analysis is to inter­

pret the wavefields in terms of polarized waves at the array. The narrowband degree of

polarization of the wavefield, /32(00) in equation (2.4.3) or /3£(00) in equation (2.4.8), is

estimated as a function of both center frequency and time. The maximum narrowband

plane wave power from the conventional estimate of the power, (2.3.1), and the eigenvalues

of the cross-spectral matrix, S(oo) in equation (2.2.2), are also estimated for identical center

frequencies and time windows. Broadband estimates of the degree of polarization of the

wavefields, along with standard errors, are obtained from ([3\00) or M(oo» by averaging

these estimates over the appropriate bandwidth. A single polarized broadband wave arriv­

ing at the array can be identified from a single eigenvalue dominating the spectra of S((0) in

combination with estimates of /32(00) near unity. Two polarized broadband waves arriving

at the array in the same time window can be identified from near unity estimates of f3i (00)

combined with two eigenvalues dominating the spectra of S(oo).

As in chapter 3, a time window that includes 256 samples is used in all calculations.

The start of the first time window for each event is 2.0 seconds after the instrument at the

first station in the array was triggered (see figures 3.5a and 3. lOa). The starts of the ten

overlapping time windows are separated by 1.0 second. Only data collected from the cen­

tral station and from stations in the inner and middle rings of SMART 1 have been used to

estimate the degree of polarization of the wavefield. The SMART 1 sub-array station

configuration is shown in figure 3.2 for event 5 and in figure 3.9 for event 39.

Narrowband estimates for each of the parameters examined in this chapter have been

calculated at eleven center frequencies. For all three components of ground motion the

smallest allowable center frequency is 1.17 Hz when a time window including 256 samples
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and a smoothed frequency domain estimate of 8(0)) is used (table 2.1). The largest center

frequency is 8.98 Hz for the vertical component and 5.08 Hz for both of the horizontal

components. The center frequency is increased in steps of 0.78 Hz for the vertical com­

ponent and 0.39 Hz for the horizontal components. The estimate of 8(0)) in the frequency

domain is smoothed over five nearby frequencies (M=2 in (2.2.2»). The nearby frequencies

are separated by 0.39 Hz (table 2.1) and produce a bandwidth of 1.56 Hz for the nar­

rowband estimates of all three components. Without frequency domain smoothing in calcu­

lating the estimate of 8(0)), all of the estimates of the polarization of the wavefields would

equal unity. Such a result is analogous to estimates of coherence without averaging

(smoothing) where again all estimates would equal unity. However, smoothing in the fre­

quency domain also increases the number of large eigenvalues in the eigenspectra of 8(0))

because the nearby frequencies are not independent as is assumed for frequency domain

smoothing. This fact complicates the interpretation of wavefields in terms of broadband

polarized waves. Generally, 2M+l large eigenvalues result from smoothing the cross­

spectral matrix over 2M+1 nearby frequencies. In this analysis there are, generally, five

(M=2) eigenvalues that occur within four decades of the largest eigenvalue (e.g. figure 4.1).

4.2 Application To Simulated Ground Accelerations

The degree of polarization for wavefields resulting from two types of simulated ground

acceleration has been estimated in order to study the sensitivity and bias of such estimates.

In the first example, the degree of polarization of a random (white noise) wavefield for the

sixteen stations in the sub-array configuration used in analyzing event 5 (figure 3.2) is

estimated. The radial accelerations have an approximately uniform distribution of

±200cmlsec2
• The narrowband estimates of the polarization of the wavefield, the nar­

rowband peak plane wave power and the eigenvalues of 8(0)) are shown, as a function of

center frequency, in figure 4.1. The conventional narrowband peak estimate of the plane

wave power is nearly constant as is expected for a random wavefield. The narrowband esti-

mates of p2(0» and pi (0)) illustrate the bias in these estimates due to the polarization of
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white noise. The broadband estimates for the degree of polarization of the wavefield with

the standard errors of the means of the estimates are ~2(oo)=0.34±O.OI6 and

~f(oo)=O.74±O.OI5. Because random wavefields are better described by multiple polarized

waves than by a single polarized wave, Pi (00) > ~2(oo). In this example, the three largest

eigenvalues of 8(00) are of the same order (figure 4.1). Since the estimate of 13i(oo) for a

random wavefield is 0.74, it is expected that this estimate of the polarization of the

wavefield will generally be near unity and of limited utility for the separation of polarized

waves. Based on this simulation the relative size of the largest eigenvalues of 8(00) and

~ \ 00) provide useful information on the polarization of a random wavefield.

For the second example, the radial component of ground acceleration recorded at sta­

tion C-OO during time window six (see figure 3.5b for the C-OO radial seismogram and the

time window location) is the input acceleration for each of the sixteen stations in the sub­

array configuration used in analyzing event 5 (figure 3.2). Using this analysis, these homo­

geneous input accelerations model a single, vertically propagating, broadband plane wave.

The narrowband estimates are given, as a function of center frequency, in figure 4.2. All of

the narrowband estimates of the polarization of the wavefield and, therefore, the broadband

estimates of the polarization of the wavefield equal unity. The eigenspectra of 8(00) is dom­

inated by a single eigenvalue in this example. For each of the eleven center frequencies the

largest eigenvalue is approximately 1017 times larger than the next largest eigenvalue. One

concludes from this example that ~2(00) and the eigenstructure of 8(00) provide information

useful in analyzing the polarization of a homogeneous wavefield.

4.3 Application To SMART 1 Ground Accelerations

Figures 4.3 through 4.8 display ~2(oo), ~i: (00), the narrowband peak conventional esti­

mate of the plane wave power and the normalized eigenvalues of 8(00) within a factor of 104

of the largest eigenvalue. Three time windows during event 5 are shown in figures 4.3
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through 4.5: direct P-wave onset (time window one), direct S-wave onset (time window

five) and coda (time window nine). Three time windows during event 39 are shown in

figures 4.6 through 4.8: direct P-wave onset (time window zero), P-coda (time window two)

and S-wave and surface wave arrivals (time window five). This choice of time windows

allows a discussion of the salient features of the polarization of recorded wavefields at

SMART 1.

Generally, [3 2(ro) varies more than [3i (ro) due to the large bias in [3i (ro). Values of

[32(ro) near unity are typically associated with a single eigenvalue that dominates the spectra

of S(ro). The second largest eigenvalue of S(ro) is usually a factor of 10 or more smaller

than the largest eigenvalue of S(ro) in this case. Conversely, low values of [32(ro) are gen­

erally associated with two or more eigenvalues that dominate the spectra of S(ro). The other

large eigenvalues of S(ro) are usually within a factor of 10 of the largest eigenvalue of S(ro)

in this case. Low values of [32(ro) may also be produced by low values of the peak nar­

rowband plane wave power. Values of [32(ro) < 0.44 are not significantly different from

white noise (at approximately the 95 percent confidence level) based on a t-test for the

difference between means.

4.3.1 Event 5

For the current study of event 5 the records from sixteen stations are used in the polar­

ization analysis. Table 4.1 summarizes the broadband estimate of the polarization of the

wavefield, [32(ro), along with the standard error of the mean for each of ten time windows

(see figure 3.5). The bandwidth of these estimates is from 1.17 to 8.98 Hz on the vertical

component and from 1.17 to 5.08 Hz on both horizontal components.

On the vertical component, [32(ro) decreases with time from a maximum value of 0.77

± 0.042 in time window zero (see table 4.1). The broadband polarization of the wavefield

is not significantly different than white noise in time windows six through nine, in agree­

ment with the frequency-wavenumber analysis described in section 3.3.1. On the horizontal
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components, P2(oo) decreases after the P-wave onset until the onset of the direct S-wave

occurs in time windows four and five. The estimate of /32(00) decreases again in time win-

dows six through nine and is not significantly different from white noise in time windows

eight and nine based on a t-test for the difference between means. The largest broadband

polarizations occur during the P-wave onset in time windows zero and one on all three

components and during the S-wave onset in time window four on the transverse component

and time window five on the radial component. For most of the event, the broadband polar-

ization of the ground acceleration wavefield is significantly different than white noise on

each component (at approximately the 95 percent confidence level) based on a t-test for the

difference between means.

Table 4.1 Broadband Estimate of the POlarization of the Wavefield for Event 5

POLARIZATION TIME WINDOW
COMPONENT

0 1 2 3 4ESTIMATE·

VERTICAL P2((0) 0.77(0.042) 0.76(0.002) 0.66(0.043) 0.56(0.040) 0.50(0.034)

RADIAL P2(00) 0.77(0.034) 0.70(0.006) 0.61(0.034) 0.57(0.022) 0.62(0.051)

TRANSVERSE p2(oo) 0.72(0.039) 0.70(0.045) 0.62(0.051) 0.50(0.030) 0.71(0.028)

POLARIZATION TIME WINDOW
COMPONENT

5 6 7 9ESTIMATE· 8

VERTICAL p2(oo) 0.45(0.027) 0.43(0.037) 0.43(0.028) 0.40(0.027) 0.42(0.020)

RADIAL p2(oo) 0.72(0.021) 0.54(0.036) 0.49(0.043) 0.39(0.022) 0.43(0.033)

TRANSVERSE p2(oo) 0.64(0.036) 0.52(0.034) 0.47(0.025) 0.37(0.018) 0.42(0.023)

* The standard error of the mean IN is given in parenthesis following the broadband esti­

mate of /32(00) (2.4.3).

Figure 4.3 (time window one) depicts plots of p2(oo), Pi. (00), the peak. narrowband con-

ventional estimate of the power and the normalized eigenvalues of S((0) as a function of

center frequency for the three rotated components of ground acceleration recorded during

event 5. For each of the components, p2(oo) varies from approximately 0.5 to 1.0 as a func-

tion of center frequency. As expected for estimates of the narrowband polarization of the

wavefield near unity, the second largest eigenvalue of the cross-spectral matrix is a factor of
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10 smaller than the largest eigenvalue.

At 3.52 Hz on the vertical component (figure 4.3a) the narrowband polarization of the

wavefield is a minimum. For a similar time window on the vertical component accelero­

grams from event 5 Abrahamson (1985) observed a minimum in the relative coherence

between 3.5 and 4.0 Hz. From (2.4.11), ~\ro) provides a biased lower bound for the coher­

ence of the wavefield. Since, as noted above, the estimate of f3 2(ro) and the conventional

estimate of the plane wave power are correlated, we can conclude that the minimum in

coherence and in narrowband polarization of the wavefield are explained by the low plane

wave power near 3.5 Hz.

In figure 4.4a (time window five), the narrowband polarization of the vertical ground

acceleration wavefield is not significantly different than white noise at approximately the 95

percent confidence level based on a t-test for the difference between means. Time window

five contains the arrival of P, S and Rayleigh wave energy (see section 3.3.1). Estimates of

the polarization of the wavefield cannot be used to identify these multiple wave arrivals

because of the large bias in ~i(ro). Generally, in this time window, there are one or two

eigenvalues within a factor of 10 of the largest eigenvalue for all eleven center frequencies.

On the radial component for time window five (figure 4.4b), the narrowband polariza­

tion as a function of center frequency remains fairly constant at O.72±O.021. In this case,

the largest eigenvalue is, approximately, a factor of five· larger than the second largest

eigenvalue. On the transverse component for time window five (figure 4.4c), the nar­

rowband polarization is, generally, lower than the corresponding estimate for the radial

component. The largest narrowband polarization, 0.85, occurs near 3 Hz. For both of the

horizontal components in time window five the polarization of the wavefield is significantly

different from white noise at greater than the 95 percent confidence level based on at-test

for the difference between means.

For time window nine (figure 4.5), the narrowband polarization of the wavefield is not
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significantly different from white noise on all three components (at approximately the 95

percent confidence level based on a t-test for the difference between means). There are

multiple eigenvalues within a factor of 10 of the largest eigenvalue for all center frequen-

des in this time window.

4.3.2 Event 39

For the current study of event 39 the recordings from twenty-three stations are used in

the polarization analysis. Table 4.2 summarizes the broadband estimate of the polarization

of the wavefield, ~2(w), along with the standard error of the mean for each of ten time win-

dows (shown in figure 3.10). The bandwidth of these estimates is from 1.17 to 8.98 Hz on

the vertical component and from 1.17 to 5.08 Hz on both horizontal components.

Table 4.2 Broadband Estimate of the Polarization of the Wavefield for Event 39

POLARIZATION TIME WINDOW
COMPONENT

0 1 2 3 4ESTIMATE·

VERTI~AL p2(W) 0.82(0.043) 0.78(0.035) 0.71(0.050) 0.110(0.036) 0.55(0.039)

RADIAL p2(W) 0.73(0.023) 0.71(0.038) 0.70(0.037) 0.79(0.034) 0.64(0.055)

TRANSVERSE p2(CtJ) 0.54(0.027) 0.64(0.051) 0.82(0.010) 0.78(0.024) 0.56(0.031)

POLARIZATION TIME WINDOW
COMPONENT

5 6 7 9ESTIMATE· S

VERTICAL p2(CtJ) 0.54(0.036) 0.46(0.021) 0.39(0.014) 0.39(0.017) 0.35(0.016)

RADIAL p2(CtJ) 0.54(0.042) 0.48(0.054) 0.49(0.029) 0.40(0.024) 0.39(0.021)

TRANSVERSE p2(W) 0.49(0.030) 0.50(0.045) 0.47(0.031) 0.38(0.017) 0.42(0.015)

* The standard error of the mean IN is given in parenthesis following the broadband esti­

mate of J3 2(w) (2.4.3).

On the vertical component, p2(w) decreases with time from a maximum value of 0.82

± 0.043 in time window zero (see table 4.2). The broadband polarization of the wavefield

is not significantly different from white noise in time windows seven through nine based on

a t-test for the difference between means. On the horizontal components, p2(CtJ) is a max-

imum during time windows two and three that corresponds to the arrival of scattered energy
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from the crustal anomaly located 1 to 1.5 km southeast of the array (see section 3.4). The

estimate of /32(ro) generally decreases after the direct S-wave arrival (time window four) and

is not significantly different from white noise in time windows eight and nine based on a t­

test for the difference between means. For most of the time windows the broadband polari­

zation of the ground acceleration wavefield on each component is significantly different than

white noise at approximately the 95 percent confidence level based on a t-test for the

difference between means.

Figure 4.6 (time window zero) depicts plots of I3\ro), I3i(ro), the peak narrowband

conventional estimate of the power and the normalized eigenvalues of 8(ro) as a function of

center frequency for the three rotated components of ground acceleration for recorded dur-

ing event 39. Values of j32(ro) > 0.90 are estimated at 6.64 Hz, 8.20 Hz and 8.98 Hz with a

bandwidth of ± 0.78 Hz. The peak plane wave power at these center frequencies is approx­

imately 5 (em/see?, a factor of five larger than the peak plane wave power for center fre­

quencies less than 4.5 Hz. The conclusion to be drawn from this data is that for event 39

both large plane wave power and polarization of the wavefield (relative to other center fre­

quencies in the same time window) occurred at high frequencies during the direct P-wave

arrival.

During time window two (figure 4.7), scattered energy arrived at the array from the

southeast (see section 3.4). The scattered energy consists primarily of P-wave energy con­

verted to S-wave energy on the horizontal components. The broadband polarizations of the

wavefield during this window are greater than or equal to 0.70 on all three components.

The transverse component (figure 4.7c) has the least scatter around the mean polarization

estimate of 0.82 as a function of center frequency. Both the vertical and the radial com­

ponents have greater scatter in the narrowband estimates of the polarization of the wavefield

and some of the estimates are not significantly different than white noise at approximately

the 95 percent confidence level based on a t-test for the difference between means. Also,

both the peak narrowband plane wave power and j32(ro) are larger as a function of center
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frequency than the corresponding estimate on the radial component. The peak narrowband

estimate of the plane wave power on the horizontal components is generally a factor of 10

less than the power on the vertical component. The wavefield produced by the scatterer

(located approximately 1 kID southeast of the center of the array at a depth' between 1.5 to

2.0 kID) is highly polarized (coherent) at the SMART 1 sub-array (figures 4.7b and 4.7c).

Figure 4.8 consists of plots of the estimates for time window five during which both

the direct S-wave arrival and surface wave arrivals occurred at the sub-array. The polariza-

tion of the wavefield (p2(oo» in this window is generally less than 0.50. There are in this

time window mUltiple eigenvalues of 8(00) within a factor of 10 of the largest eigenvalue for

all three components.

4.4 Conclusions

The polarization estimate, p\oo), is summarized as a function of center frequency,

component and time window for events 5 and 39 in figures 4.9 and 4.10, respectively. The

estimates of the polarization for the eleven center frequencies as a function of time window

are shown by the dashed lines. The length of the dash is inversely proportional to fre­

quency, that is, short dashes are used for the higher center frequencies. The 95 percent

confidence level for random (white) noise is represented by the solid horizontal line at 0.44.

In general, there is a trend for higher frequencies to have lower polarization (coher­

ence) than lower frequencies on all components. On the vertical component for both

events, the polarization of the wavefield generally decreases with time. Both horizontal

components for both events have an increase in the polarization of the wavefield associated

with the arrival of the direct S wave. Event 39 also has an increase in the polarization of

the wavefield in time windows two and three associated with the arrival of scattered energy

from the crustal anomaly southeast of the array center.

The polarization (coherence) of strong ground motions over short distances has impor­

tant implications for waveform modeling and engineering studies of wave "incoherence".
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Figures 4.9 and 4.10 provide time and frequency dependent bounds on the polarization

(coherence) of wavefields below which deterministic generation of synthetic seismograms

are practical.

In summary, the polarization (coherence) analysis of the ground acceleration wavefield

recorded at SMART 1 during events 5 and 39 has shown:

1) the direct P wavefield has large polarizations on the vertical component; roughly 0.8.

2) the direct S wavefield has lower polarizations on the horizontal components; between 0.5

and 0.7. The radial component (SV-wavefield), generally, has larger polarizations than the

transverse component (SH-wavefield). An exception to this generality occurs during event

5 (time window four) when ~2(ro) was greater on the transverse than the radial component.

3) the coda arrivals after the direct S-wave arrival in time windows six through nine have

low polarizations of roughly 0.5. The wavefield is not significantly different from white

noise at approximately the 95 percent confidence level in the time windows eight and nine

based on a t-test for the difference between means.

4) the "scattered wavefield" recorded during event 39 has large broadband polarizations

(coherence), greater than 0.7, on all components with a broadband polarization of 0.82 on

the transverse component with a frequency bandwidth of approximately 1 to 5 Hz on the

horizontal components.
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Figure 4.1: Estimates of the polarization of the wavefield, (~2(CJ)) and ~i(CJ))), the peak nar­
rowband plane wave power and the largest normalized eigenvalues of the cross spectral
matrix are plotted as a function of center frequency for a random wavefield.
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Figure 4.2: Estimates of the polarization of the wavefield, (~2(ro) and ~i(ro», the peak nar­
rowband plane wave power and the largest normalized eigenvalues of the cross spectral
matrix are plotted as a function of center frequency for a homogeneous wavefield.
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Figure 4.3a: Estimates of the polarization of the wavefield, (~2(co) and M(co», the peak nar­
rowband plane wave power and the largest normalized eigenvalues of the cross spectral
matrix are plotted as a function of center frequency for the wavefield recorded during event
5 on the vertical component in time window one.
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Figure 4.3b: Estimates of the polarization of the wavefield, <112(00) and pI (00», the peak nar­
rowband plane wave power and the largest normalized eigenvalues of the cross spectral
matrix are plotted as a function of center frequency for the wavefield recorded during event
5 on the radial component in time window one.
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Figure 4.3c: Estimates of the polarization of the wavefield, (p2(0» and pi (0))), the peak nar­
rowband plane wave power and the largest normalized eigenvalues of the cross spectral
matrix are plotted as a function of center frequency for the wavefield recorded during event
5 on the transverse component in time window one.



92

EVENT 5V WINDOW 5

lIE

lIE
lIE

lIE
lIE

lIE

lIE

lIE
lIE

lIElIE

lIE
lIE

lIE

lIE

lIElIElIE

lIEi !-3
o.~__--',"-__.L--__...L-__...L-__-'--__--L__--',"-__.L--__...L-__....I

! !3
O.~__--' .L--__...L-__...L-__-'--__--L__--',"-__.L--__...L-__....I

lllllll

10

ro 100

~
I

lIE
lIE lIE lIE lIE lIE lIE lIE lIE

O.l...L-__-'--__-I-__-....I..__--' L.-__...L...-__....I-__-I-__---L__---'

i 0~1
j;j
~ 0.01

i 0.001

i O.lllllll ..u.u..u.ww ~1.ll.LI.J.U.U ..IJ..L.LLLL.LU.J ..u.u..u..u.w ~1.ll.LI.UJ.Ll ..u.u..u..u.w .u..u.uww .l.UJ.LU..LU.I

1.17 1.95 2.73 3.52 ~.30 5.08 5.86 6.6~ 7.~2 8.20 8.98
CENTER FREQUENCY (Hz)

Figure 4.4a: Estimates of the polarization of the wavefield, (~\(f)) and ~i«(f))), the peak nar­
rowband plane wave power and the largest normalize eigenvalues of the cross spectral
matrix are plotted as a function of center frequency for the wavefield recorded during event
5 on the vertical component in time window five.
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Figure 4.4b: Estimates of the polarization of the wavefield, (~2(oo) and ~i (00», the peak nar­
rowband plane wave power and the largest normalized eigenvalues of the cross spectral
matrix are plotted as a function of center frequency for the wavefield recorded during event
5 on the radial component in time window five.
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Figure 4.4c: Estimates of the polarization of the wavefield, (13 2(00) and jjf(oo», the peak nar­
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matrix are plotted as a function of center frequency for the wavefield recorded during event
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Figure 4.5a: Estimates of the polarization of the wavefield, (~2(£O) and ~i (£0», the peak nar­
rowband plane wave power and the largest normalized eigenvalues of the cross spectral
matrix are plotted as a function of center frequency for the wavefield recorded during event
5 on the vertical component in time window nine.
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Figure 4.5b: Estimates of the polarization of the wavefield, (~2«(j) and ~i«(j)), the peak nar­
rowband plane wave power and the largest normalized eigenvalues of the cross spectral
matrix are plotted as a function of center frequency for the wavefield recorded during event
5 on the radial component in time window nine.
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Figure 4.5c: Estimates of the polarization of the wavefield, (p\co) and M(co», the peak nar­
rowband plane wave power and the largest normalized eigenvalues of the cross spectral
matrix are plotted as a function of center frequency for the wavefield recorded during event
5 on the transverse component in time window nine.
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Figure 4.6a: Estimates of the polarization of the wavefield, (p\ro) and Pf(ro», the peak nar­
rowband plane wave power and the largest normalized eigenvalues of the cross spectral
matrix are plotted as a function of center frequency for the wavefield recorded during event
39 on the vertical component in time window zero.
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Figure 4.6b: Estimates of the polarization of the wavefield, (p2(w) and Pf(w», the peak nar­
rowband plane wave power and the largest normalized eigenvalues of the cross spectral
matrix are plotted as a function of center frequency for the wavefield recorded during event
39 on the radial component in time window zero.
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Figure 4.6c: Estimates of the polarization of the wavefield, (P 2(ro) and p](ro», the peak nar­
rowband plane wave power and the largest normalized eigenvalues of the cross spectral
matrix are plotted as a function of center frequency for the wavefield recorded during event
39 on the transverse component in time window zero.
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Figure 4.7a: Estimates of the polarization of the wavefield, <p 2(ro) and pi(ro», the peak: nar­
rowband plane wave power and the largest normalized eigenvalues of the cross spectral
matrix are plotted as a function of center frequency for the wavefield recorded during event
39 on the vertical component in time window two.
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Figure 4.7b: Estimates of the polarization of the wavefield, (~2(ro) and M(ro», the peak nar­
rowband plane wave power and the largest normalized eigenvalues of the cross spectral
matrix are plotted as a function of center frequency for the wavefield recorded during event
39 on the radial component in time window two.
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Figure 4.7c: Estimates of the polarization of the wavefield, (P 2(w) and pi (w», the peak nar­
rowband plane wave power and the largest normalized eigenvalues of the cross spectral
matrix are plotted as a function of center frequency for the wavefield recorded during event
39 on the transverse component in time window two.
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Figure 4.8a: Estimates of the polarization of the wavefield, ({32(ro) and {3i(ro)), the peak nar­
rowband plane wave power and the largest normalized eigenvalues of the cross spectral
matrix are plotted as a function of center frequency for the wavefield recorded during event
39 on the vertical component in time window five.
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Figure 4.8b: Estimates of the polarization of the wavefield, (p2(ro) and pi (ro», the peak nar­
rowband plane wave power and the largest normalized eigenvalues of the cross spectral
matrix are plotted as a function of center frequency for the wavefield recorded during event
39 on the radial component in time window five.
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Figure 4.8c: Estimates of the polarization of the wavefield, (p\w) and pi(w)), the peak nar­
rowband plane wave power and the largest normalized eigenvalues of the cross spectral
matrix are plotted as a function of center frequency for the wavefield recorded during event
39 on the transverse component in time window five.
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Figure 4.9: Narrowband estimates of the polarization of the wavefield, fi 2(w), for each of
the three components as a function of time for event 5. The length of the dash is inversely
proportional to frequency from 1.17 Hz to 8.98 Hz for the vertical component and from
1.17 Hz to 5.08 Hz on the horizontal components. The 95 percent confidence level for ran­
dom noise is the solid horizontal line at 0.44.
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Figure 4.10: Narrowband estimates of the polarization of the wavefield, ~2«(I)), for each of
the three components as a function of time for event 39. The length of the dash is inversely
proportional to frequency from 1.17 Hz to 8.98 Hz for the vertical component and from
1.17 Hz to 5.08 Hz on the horizontal components. The 95 percent confidence level for ran­
dom noise is the solid horizontal line at 0.44.
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CHAPTER 5: DISCUSSION AND RECOMMENDATIONS

Discussion

Complimentary studies of the two cross-spectral matrices calculated from the recorded

ground accelerations from each of two large earthquakes are described in this dissertation.

All the infonnation on the ground acceleration wavefield is contained in the cross-spectral

matrix that has been estimated in ten overlapping time windows along the accelerograms

since the wavefield is nonstationary. The studies were focused, through manipulations of

the cross-spectral matrix, on two different characteristics of the wavefield. Frequency­

wavenumber analysis was used to separate the wavefield in each time window in terms of

apparent horizontal slowness (velocity), azimuth and time of arrival of the best fit plane

wave. The analysis described in chapter four detennined the narrowband polarization of the

wavefield as a function of time and frequency. These studies demonstrate the following

strengths and weaknesses of the two methods of decomposing the seismic wavefield within

30 Ian of a large earthquake.

Estimates of the polarization of a wavefield are more sensitive to both the assumptions

that the wavefield is stationary and independence of the nearby frequency estimates in the

smoothing of the cross-spectral matrix than are estimates based on frequency-wavenumber

analysis. This sensitivity increased the bias of the polarization estimators and limited their

application when multiple wave types arrived at the sub-array. In contrast, frequency­

wavenumber spectral analysis allows the interpretation of multiple spectral peaks as multi­

ple wave arrivals in the same time window. This analysis is limited mainly by the width of

the central peak in the array impulse response (e.g. figure 2.1). Alternative frequency­

wavenumber methods (e.g. high resolution, MUSIC) have narrower central peaks in the

array impulse response, however; for example, the high resolution method requires smooth­

ing the cross-spectral matrix over more frequencies than stations for the statistics of the

estimate to be valid.
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Both methods of analysis depend on the length of the time window chosen for the cal­

culation of the cross-spectral matrix. The length of the time window determines the fre­

quency sampling rate and combined with the number of nearby frequencies used for

smoothing determines the lowest center frequency (table 2.1). As the length of the time

window increases the estimates of the cross-spectral matrix will vary smoothly as the time

window changes gradually along the recorded ground motions. Also, the matrix may be

estimated at smaller center frequencies. As the length of the time window decreases the

assumption that the wavefield is stationary within the time window is more nearly satisfied.

The time window of 256 samples chosen in this study is a compromise between these two

goals.

Statistical tests comparing properties of the recorded ground acceleration wavefield to

a random (noise) wavefield are simpler to apply in the polarization analysis than in the

frequency-wavenumber analysis. In the first case the estimate of the broadband polarization

of the wavefield can be compared with the broadband polarization of a random wavefield

using a t-test. For the frequency-wavenumber analysis the spectrum of the wavefield may

be compared with the spectrum of the random wavefield visually.

The developments outlined in this dissertation have important implications for

waveform modeling and enginering applications of the seismic wavefield. Waveform

modeling, generally, cannot match the high frequency waves due to a loss of polarization

(coherency) at high frequencies and with time in the coda portion of the seismogram. Esti­

mates of the polarization of wavefields as a function of time and frequency provide time­

dependent frequency bounds above which deterministic generation of synthetic seismograms

are impractical. The estimates also provide an upper bound on the "incoherency" of the

wavefield. Estimates of the coherency ("incoherency") of the wavefield are required as a

function of frequency and time for engineering analysis of the response of large structures

to the seismic wavefield. Estimates of the polarization of wavefields have the additional

advantage that they do not depend on the orientation of the recording instrument, whereas,
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estimates of the coherency are not rotationally invariant.

A common assumption of soil-structure interaction studies is that the wavefield is vert­

ically incident. However, inclined wavefields can produce rocking and torsions in large

structures that may be of importance for design. An estimate of the angle of incidence of

the wavefield as a function of frequency and time can be provided by the frequency­

wavenumber analysis. Using an estimate of the apparent horizontal slowness one estimates

the angle of incidence by assuming a wavefield velocity. For example, using a P-wave

velocity of 3.7 km/sec, appropriate for the Miocene slate beneath the SMART 1 array, one

estimates an angle of incidence for the P-wavefield in event 5 of approximately 25° from

vertical. This method for estimating the angle of incidence of the wavefield can be tested

when strong motion accelerometers in the 70m bore-hole (described in Appendix A) in the

SMART 1 array are triggered.

Recommendations

The studies described in this dissertation have further demonstrated the power of

analyzing earthquake ground motions using array recordings with a common time base as

opposed to single station recordings. Both frequency-wavenumber analysis and polarization

analysis require multiple recordings of the wavefield.

The frequency-wavenumber analyses of events 5 and 39 would have benefited from

additional stations located both within 2 km of the array center and an extension of the

array to greater distances. Adding more stations to the interior of the array would provide

additional station separation distances and thus a more uniform sampling in wavenumber

(lag) space, as well as, an increase in the frequency at which the wavefield could be studied

without spatial aliasing. An increase of the array aperture would increase the azimuthal

coverage of the seismic source. Such an aperture increase would narrow the size of the

frequency-wavenumber confidence intervals allowing for improved estimates of, for exam­

ple, azimuth, apparent horizontal velocity of the wave field, and depth of the crustal ano­

maly. Also, smaller confidence intervals would allow for the separation of peaks with
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smaller wavenumber differences, especially S and surface waves. An aperture increase

would require slanted time windows across the array to allow slowly propagating waves to

remain inside the time window without increasing the length of the time window.

The over 3000 SMART 1 seismic recordings of ground motions (48 earthquakes on

three components) within, generally, 80 km of the seismic source, are an important set of

data and require further analysis. Some areas of future research are outlined below.

As shown in chapters three and four, recordings from a two-dimensional array can be

used to identify and separate the P, S and surface waves in strong motion recordings.

Analysis of additional SMART 1 recordings would further our progress in identification and

separation of wave types. For example, analysis of event 43 (ML :6.2, epicentral distance to

the array center: 6 km) would allow additional tests of the spherical frequency-wavenumber

analysis, especially for direct waves from the source region. Event 45 studies (Ms:7.8, epi­

central distance to the array center: 79 kID) would further test the applicability of these

methods of analysis to dispersed surface waves. For event 45, conventional narrowband

frequency wavenumber analysis may be more appropriate than broadband frequency­

wavenumber analysis to analyze the surface waves due to the dependence of slowness on

frequency.

The estimates, described in chapters three and four, of the composition of the

wavefields could be tested using waveform modeling. Waveform modeling requires

detailed knowledge of the Earth's velocity structure which is not yet well known for

Taiwan. However, researchers at the Institute of Earth Sciences in Taiwan are developing a

three-dimensional velocity model for northeastern Taiwan.

The dependence of the broadband or narrowband polarization of a wavefield on source

mechanism, epicentral distance and focal depth can be studied by examining additional

SMART 1 recordings from the other earthquakes besides events 5 and 39. Polarization esti­

mates at various azimuths could be used together with a frequency-wavenumber analysis to

study the seismic wave scattering mechanism.
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The decompositions of the cross-spectral matrix as described in this dissertation are

not limited to multiple station single component analysis. A cross-spectral matrix (2.2.2)

can be constructed from multiple station/multiple component time histories. Inclusion in

the cross-spectral matrix of multiple components would increase computation time but pro­

vide a valuable test of the assumed separability of the wavefield into vertical, radial and

transverse components.
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APPENDIX A: THE SMART I ACCELEROGRAPH ARRAY

A.I Introduction

The SMART 1 array is located in the northeast corner of Taiwan near the city of

Lotung on the Lanyang Plain (figure A.l). Installation of the array began in September

1980 and was completed in August 1982. The original array consisted of 37 force-balanced

triaxial accelerometers placed in three concentric rings of radii 200m, 1000m and 2000m

(figure A.l). The three rings are referred to as I (inner), M (middle) and 0 (outer), respec­

tively. There are twelve equally spaced stations numbered 1 through 12, on each ring and a

central station, C-OO. The minimum station spacing of 100m controls the spatial aliasing.

For an apparent wave velocity of, for example, I km/s, the spatial aliasing frequency is 5

Hz. In June 1983, two additional stations were added to the array. These stations, E-OI

and E-02, are located 2.8 km and 4.8 km south of the central station, respectively (figure

A.l).

Each accelerometer in the SMART 1 array is connected to a digital event recorder

with 2g full scale. The accelerometers trigger on all three components of ground motion

(nominally 0.02g). The ground motions are digitized as 12-bit words at 100 samples per

second. The temporal Nyquist frequency is thus 50 Hz. The dynamic range is 66 db. The

digital delay memory has a capacity of 250 samples per channel corresponding to 2.5

seconds of pre-event memory at 100 samples per second.

Each instrument is serviced about once every three days and after each recorded earth­

quake. Such frequent maintenance is necessary to assure accurate timing and power at the

array stations. Over the seven years of use, the performance of the instruments has been

excellent; after triggering only one percent of the traces have been unuseable. This success

is due to a combination of the extensive testing performed on each accelerometer in Berke­

ley before shipment to Taiwan (Bolt, et al., 1982) and the careful maintenance of the array

by the staff of the Institute of Earth Sciences, Academia Sinica. Additional information on

the SMART 1 array is given by Bolt, et al. (1982) and by Abrahamson (1985).
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It is of general interest that in 1985 the Taiwan Power Company and the Electric

Power Research Institute (EPRI) constructed a digitally instrumented three-dimensional

array to measure soil-structure interaction of large scaled-structures. The EPRI array is

located within the southwest quadrant of the SMART 1 array (figure A.1). This sub-array

consists of 15 free-surface accelerometers, supplemented by 8 down-hole accelerometers at

depths ranging to 47m. Two models (1/4 and 1/12 scale) of a nuclear power reactor con­

tainment vessel have also been instrumented with 14 accelerometers and 20 pressure

gauges. The EPRI array began operation in 1986 with the successful recording of event 39

(Tables A.1 and A.2). In 1987, the shallow down-hole accelerometers contained in the

smaller EPRI array were complimented by an instrumented 70m bore-hole in the SMART 1

array that will greatly improve the three dimensional studies.

An additional important complimentary feature to SMART 1 data collection is a

regional network of strong motion accelerometers, made up of primarily SMA-1 instru­

ments. These are operated, independently from the NSF sponsored project described in this

dissertation by the Institute of Earth Sciences and other groups throughout Taiwan.

A.2 Geology

The SMART 1 array is located in a recent alluvial valley (except for the extended

array station E-02 that is located on a slate outcrop). The valley triangular in shape, 15 km

by 8 kID at its widest and longest points, respectively. The area is comprised primarily of

rice fields so that the water table is at or near the ground surface. The topography is very

flat with elevations across the array ranging between 2.4 and 18.1 meters above sea level.

Most of the array stations are at elevations between 4 and 8 meters. Grey silty sands, grey

sandy silts, grey silty clays and gravels make up the soils beneath the array, to a depth of

3-18 meters, covering a recent alluvium layer that is approximately 40m thick. P-wave

velocities range between 430 to 760 m/sec in the soils and between 1400 to 1700 m/sec in

the alluvium (Wen and Yeh, 1984). Below the alluvium are Pleistocene gravels and, as is

typical in alluvial fans, the grain size of the gravels increases with depth. The P-wave
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velocity in the Pleistocene gravels ranges from 1800 to 2000 m/sec. The bedrock below the

gravels consists of Miocene slate through which P-wave velocities are 3300 to 4000 m/sec.

Dipping structures are present in the bedrock. The depth to the bedrock from the level of

the main array varies from 170m in the south to 600m in the northern part of the array. P­

wave velocity profiles for layers beneath the array are given by Wen and Yeh (1984). All

of the array stations are situated on soils that are usually classified as "deep cohesionless

soil sites" (Seed, et al., 1986), except station E-02 that is classified as a rock site.

In conjunction with the installation of the Taiwan Power Company/EPRI array in

1985, eight bore-holes were drilled in the EPRI array site (figure A.l). One bore-hole was

drilled to a depth of 150m and seven holes to 60m below the existing ground surface. The

results of analyzing the soil samples obtained during the drilling are reported in World

Exploration and Construction Company (1986). For example, samples from the 150m hole

predominantly consist of grey sandy silts, grey silty sands; gravels and grey silty clays that

are interbedded throughout the hole. HCK Geophysical Company (1986) logged seven of

the holes, using crosshole and uphole seismic methods to determine in situ P and S wave

velocities. From the velocities, Poisson's ratio, shear modulus and Young's modulus were

calculated. To depths of 0 to 5m, the P-wave velocity is 370 m/sec, the S-wave velocity is

120 m/sec and Poisson's ratio is 0.441. To depths of 80 to 150m, the P-wave velocity is

1540 m/sec, the S-wave velocity is 480 m/sec and Poisson's ratio is 0.398. Additional

velocity and moduli values are shown in Table A.3.

A.3 Seismicity and Tectonics

Taiwan is part of the Ryukyu-Taiwan-Philippine arc system and can be viewed as a

tectonic transition zone between two subduction zones with very different geometries. This

complicated tectonics in the Taiwan region leads to a high rate of seismicity (figure A.2)

occurring with a variety of focal mechanisms. In most cases, the shallow on-shore seismi­

city does not correlate well with mapped faults, although some clear micro-earthquake con­

centrations along faults have been observed (Wu, 1978). In the northeast comer of Taiwan



121

both shallow and intennediate depth earthquakes occur at a high rate (figure A.2) (Tsai, et

al., 1977). The location of SMART 1 in this area allows study of strong ground motions

produced by earthquakes with a variety of mechanisms at various focal depths. Detailed

descriptions of the seismicity and tectonics of Taiwan are given by Wu (1978), Lin and

Tsai (1981) and Tsai (1986).

A.4 Available SMART 1 Data

For each of the 48 earthquakes recorded through 1986, the origin time, epicentre, focal

depth, magnitude and, when available, the earthquake mechanism are listed in Table A.I.

Three magnitudes, ML, mb and Ms are listed, when available, in Table A.I. These magni­

tude types are defined in, for example, Bullen and Bolt (1985). The Institute of Earth Sci­

ences, Academia Sinica estimates the local magnitude, ML , by converting a locally

estimated magnitude (MD ), based on the duration of the recorded waves, to ML using the

empirical fonnula

ML = 1.04+0.94MD ,

(e.g. Liaw and Tsai, 1981; Yeh, et al., 1982; Chen and Wang, 1985). The duration magni­

tude, MD , (not listed in Table A.l) is estimated from recordings from the Taiwan

Telemetered Seismic Network. Surface wave magnitude (Ms) and body wave magnitude

(mb) are detennined by the International Seismological Centre or the U. S. Geological Sur­

vey using teleseismic recordings.

Table A.2 gives the epicentral distance (~) to the center of the array (station C-OO),

the azimuth of the epicenter in relation to the central station, and the number of triggered

and operational stations for each event. Also, the largest accelerations recorded for each

earthquake for each of the three ground acceleration components are tabulated in Table A.2.

With few exceptions, failures of station instruments to trigger were because actual ground

accelerations did not reach pre-set trigger levels. The highest ground acceleration recorded

by SMART 1 is 333.6 gal (O.34g) during event 39. An epicentral map for the earthquakes
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recorded by SMART 1 is given in figure A.3. Most of the earthquakes occurred off-shore,

within 80 km of the array. The recorded ground accelerations have been initially processed

to produce unfiltered accelerograms. The processing of the digital data includes removing

glitches, replacing data drop-outs and removing the mean (DC baseline shift). Unfiltered

accelerations for all events are available upon request from Dr. Bruce A. Bolt, Seismo­

graphic Station, U. C. Berkeley, Berkeley, CA 94720.

A.S Events Sand 39

In this dissertation events 5 and 39 have been analyzed using frequency-wavenumber

and polarization methods. The rotated components of ground acceleration recorded at the

center, in'ner and middle ring stations in the SMART 1 sub-array during events 5 and 39 are

shown in figures AA and A.5, respectively. Because absolute time is maintained at each

station, the records can be aligned in strict time order. For both events, the P-waves onsets

were recorded by all operating instruments due to the high P-wave amplitudes. In both

events 5 and 39, there are variations in the shape and amplitude of the waveforms for the

three components and at the different stations. A brief discussion of the significance of

these two events is given below.

Event 5, ML=6.3, is the best studied earthquake recorded by the array. Its recordings

(see figure AA) have been used in numerous studies of spatial coherence (Loh, et af., 1982;

Harada, 1984; Abrahamson, 1985; Bolt, et al., 1984; and Harichandran and Vanmarcke,

1986; Abrahamson and Darragh, 1986; and Loh and Su, 1986), effects of non-vertically pro­

pagating waves (Bolt, et al., 1982; Loh, et al., 1982; Abrahamson and Bolt 1985; and Taba­

tabie, et al., 1986), source rupture (Abrahamson, 1985) and separation of wavetypes (Dar­

ragh and Abrahamson, 1986; this dissertation). The largest horizontal acceleration recorded

at SMART 1 during event 5 was greater than 0.24g. This peak acceleration was not

exceeded at SMART 1 for five years.

Event 39, M L =6.5, was the first event (figure A.5) to produce accelerations exceeding
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the peak accelerations recorded during event 5. Free-field accelerations greater than 0.33g

were recorded at the array on both the north-south and the vertical components. The

ground motions recorded during event 39 demonstrate that significant scattering of seismic

waves occurs for frequencies greater than 1 Hz, especially on the horizontal components

(Darragh and Abrahamson, 1986; Abrahamson and Darragh, 1987; this dissertation).
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Event Origin Time (UTC) Latitude Longitude Depth Ref ML mb Ms Mechanism

I 80 Oct 18 00:08:23.4 24.36° N 121.89° E 27 I 6.1 5.1 5.7
2 80 Nov 14 13:37:01.5 24.61° N 121.75° E 78 T 5.9 5.1 4.9
3 80 Nov 14 13:38: 24.42° N 12\.77° E 10 T 5.7
4 81 Jan 24 14: 10:3 \.6 23.93° N 12\.70° E 61 I 5.6 4.8
5 81 Jan 29 04:51:34.5 24.44° N 12\.92° E 25 I 6.3 5.7 5.7 R
6 81 Feb 27 02:27: 24.68° N 121.85° E 76 I 5.5 4.6
7 81 Mar 02 12:13:46.2 22.88° N 12\.47° E 25 I 6.2 5.4 6.2
8 81 Mar 10 08:24:49.2 24.83° N 122.03° E 10 I 4.8
9 81 Mar 22 21:25:33 24.70° N 12\.8 ° E 5 I 4.2
10 81 May 03 19:19:49.0 24.69° N 122.23° E 75 I 5.1 3.7
1\ 81 Jun 01 11:53:46 24.44° N 121.9 ° E 10 I 5.6 3.5
12 81 Aug 20 19:03:26 24.86° N 122.04° E 12 I 4.9 4.1
13 81 Aug 20 20:55:03.7 24.80° N 122.09° E 10 I 4.4
14 81 Aug 30 18:54:53.6 24.50° N 121.93° E 20 I 5.0
15 81 Oct 05 13:24:30.5 24.66° N 121.74° E 4 T 3.6
16 82 Jan 23 14:10:40.7 23.92° N 12\.74° E 13 I 6.2 5.6 6.2
17 82 Feb 21 06:04:37.4 24.79° N 12\.90° E 1\ I 4.7
18 82 Feb 28 13:23:36.0 24.81° N 121.92° E 15 I 5.1 4.4
19 82 Apr 01 04:50:01 24.58° N 122.1 ° E 17 I 4.9
20 82 Dec 17 02:43:03.8 24.56° N 122.53° E 88 I 6.4 5.9 RjSS
21 83 Apr 26 15:26:40.2 24.67° N 122.63° E 115 I 6.6 5.7
22 83 May 10 00:15:05.0 24.50° N 121.52° E 19 I 6.4 5.6 5.6
23 83 Jun 21 14:48:07.9 24.13° N 122.39° E 43 I 6.6 5.8 6.4 RjSS
24 83 Jun 24 09:06:46.3 24.17" N 122.39° E 48 I 6.9 6.0 6.7 RjSS
25 83 Sep 21 19:20:44.4 24.08° N 122.16° E 44 I 6.8 '6.0 6.5 RjSS
26 84 Feb 23 12:15:26.0 24.66° N 121.93° E 69 I 5.5 4.6
27 84 Mar 28 09: 11:21.0 24.11° N 122.54° E 57 I 6.3 5.5 5.9
28 84 Apr 18 01:34:15.0 24.91° N 122.54° E 16 I 5.9 4.9 4.1
29 84 Apr 23 22:35:04.0 24.94° N 122.11° E 28 I 6.0 5.0
30 84 Dec 29 01 :07:01.7 24.78° N 122.02° E 88 I 6.3 5.4
31 85 Mar 09 19:51:00.5 24.76° N 122.23° E 4 T 5.9 5.1
32 85 Jun 12 13:23: 13.3 24.59° N 122.23° E 5 T 6.0 4.3 4.1
33 85 Jun 12 17:22:50.8 24.57° N 122.19° E 3 T 6.5 5.2 5.8
34 85 Aug 05 13:00:38.6 24.38° N 12\.88° E I T 5.8 5.2 5.5
35 85 Aug 12 00:21:33.3 24.71° N 121.79° E 8 T 5.7 4.4
36 85 Sep 20 15:01:24.0 24.53° N 122.20° E 6 T 6.3 5.3 5.1
37 85 Oct 26 03:30:39.1 24.41° N 121.83° E 2 T 5.3 4.4
38 85 Nov 07 05:25:17.8 24.78° N 121.82° E 74 T 5.5 4.8
39 86 Jan 16 13:04:32.0 24.76° N 12\.96° E 10 T 6.5 5.5 5.8
40 86 May 20 05:25:49.6 24.08° N 12\.59° E 16 T 6.5 6.1 6.4 R/SS
41 86 May 20 05:37:3\.7 24.05° N 12\.62" E 22 T 6.2 5.5
42 86 Jul 17 00:03:33.5 24.66° N 12\.82" E 2 T 5.0
43 86 Jul30 11:31:47.5 24.63° N 12\.79° E 2 T 6.2 5.6 5.6
44 86 Jul 30 11:38:31.7 24.64° N 121.80° E 2 T 4.9
45 86 Nov 14 21:20:0\.2 23.96° N 12\.84° E 7 T 7.0 6.2 7.8
46 86 Nov 14 22:34:22.5 23.96° N 12\.84° E P 5.3
47 86 Nov 14 23:04:36.6 23.96° N 121.84° E P 6.1 6.3
48 86 Dec 10 23:55:2\.0 23.96° N 121.84° E P 5.3

ML is detennined by the Institute of Earth Sciences, Taipei using the Taiwan Telemetered Seismic Network (TTSN).

References for Location and Mechanism:
P=Preliminary Determination of Epicenters (PDE), U. S. Geological Survey
I=Regional Catalog of Earthquakes, International Seismological Centre
T=lnstitute of Earth Sciences, Academia Sinica, Taiwan

Mechanism:
SS=Strike-Slip
R=Reverse
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TABLE A.2
Events Recorded by the SMART 1 Array

Maximum Accelerations (gal)

Depth 11 Azimuth

Event ML (km) (km) (Deg) Tilt V EW NS

I 6.1 27 36 192 16/21 15.7 22.3 25.4
2 5.9 81 7 168 16/21 31.7 74.4 83.8
3 5.7 10 28 179 13/21 10.7 22.9 24.6
4 5.6 61 83 185 2/27 2.4 8.1 9.0
5 6.3 25 30 149 27/27 97.4 168.5 259.8
6 5.5 6 9 86 10/27 4.4 13.6 12.2
7 6.2 25 201 189 3/27 2.7 6.4 10.5
8 4.8 10 32 57 19/27 16.0 23.5 34.5
9 4.2 5 5 51 12/28 13.1 22.8 19.1
10 5.1 75 48 88 10/28 16.6 21.0 18.3
II 5.6 10 29 152 8/28 10.1 13.2 15.0
12 4.9 12 35 54 18/36 24.4 24.8 37.8
13 4.4 10 36 67 14/36 14.1 33.8 45.9
14 5.0 20 26 139 31/36 17.7 31.6 43.5
15 3.6 4 3 239 29/37 40.5 71.7 55.7
16 6.2 13 84 182 11/36 9.2 23.7 20.2
17 4.7 11 19 47 8/35 22.3 28.2 26.0
18 5.1 15 22 46 24/36 31.1 75.5 97.1
19 4.9 17 36 107 28/35 21.7 43.0 32.8
20 6.4 88 79 99 36/36 33.8 67.0 68.1
21 6.6 115 88 90 11/36 9.9 49.5 25.2
22 6.4 98 31 212 35/37 39.0 75.2 68.4
23 6.6 43 87 125 23/37 13.2 29.0 42.0
24 6.9 48 84 124 31/37 16.4 53.9 69.4
25 6.8 44 68 134 35/37 18.3 37.5 39.3
26 5.5 69 17 95 10/37 8.6 30.1 45.6
27 6.3 57 100 122 11/37 11.8 17.0 20.0
28 5.9 16 83 72 28/37 19.4 65.2 55.6
29 6.0 28 46 57 30/37 30.1 76.9 68.7
30 6.3 88 28 67 32/37 37.4 70.2 84.1
31 5.9 4 48 79 37/39 39.2 108.6 73.7
32 6.0 5 48 101 21/38 17.2 49.7 39.5
33 6.5 3 45 104 36/38 49.2 157.6 103.9
34 5.8 I 34 160 25/38 21.8 36.2 40.4
35 5.7 8 5 26 37/38 74.8 94.3 141.1
36 6.3 6 47 110 36/38 58.6 121.0 87.8
37 5.3 2 30 167 33/38 43.8 56.6 77.2
38 5.5 74 13 26 14/38 15.1 24.6 32.4
39 6.5 10 22 64 36/39 333.6 258.4 327.5
40 6.5 16 67 195 37/38 77.2 224.2 266.4
41 6.2 22 71 192 37/38 30.2 66.2 80.8
42 5.0 2 5 107 38/39 82.0 140.8 151.1
43 6.2 2 6 ISO 39/39 232.2 244.5 300.6
44 4.9 2 5 141 37/38 39.8 109.1 103.0
45 7.0 7 79 175 36/ 110.3 178.0 251.0
46 79 175
47 79 175
48 79 175

t Til = Number of stations triggered I Number of stations installed.
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Velocity and Moduli Values

(Courtesy of EPRI)
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Depth P-wave Velocity S-wave Velocity Poisson's Ratio Shear Modulus Young's Modulus
(m) (m/sec) (m/sec) (kg/em/em) (kg/em/em)

0-5 370 120 0.441 264 761
5-8 810 140 0.485 360 1069
8-13 1270 190 0.488 663 1973
13-31 1330 220 0.486 889 2642
31-34 1330 280 0.477 1440 4254
34-48 1250 250 0.479 1148 3396
48-60 1220 270 0.474 1339 3947
60-80 1470 320 0.475 1881 5549
80-150 1540 480 0.398 4232 11833

Bulk density (p) = 1.8 gm/ee

TABLE 4
Unfiltered Peak Ground Accelerations

(Event 39)

StatIon ~omponent

V EW NS
(2al) (gal) (gal)

C-OO 234.3 225.2 283.1
1-01 229.9 230.8 246.0
1-02 168.5 227.5 257.6
1-03 185.6 190.0 209.6
1-04 224.0 226.9 216.7
1-05 162.8 166.6 192.0
1-06 197.0 165.8 167.3
1-07 132.0 172.3 173.2
1-08 237.1 172.2 195.2
1-09 246.3 184.8 210.4
1-11 223.6 223.5 227.3
1-12 333.6 238.5 253.5

M-Ol 177.4 181.6 228.4
M-02 316.6 234.0 264.5
M-03 133.2 171.6 254.6
M-05 266.7 212.5 203.3
M-06 307.5 198.5 171.6
M-07 237.4 165.7 273.4
M-08 145.4 176.0 200.7
M-09 156.9 201.1 194.5
M-lO 185.5 187.3 187.2
M-ll 154.7 243.7 241.7
M-12 162.3 229.4 250.2
0-01 151.0 203.5 241.5
0-02 106.2 258.4 327.5
0-03 88.1 235.1 220.4
0-04 237.1 256.6 302.4
0-05 93.5 209.8 166.1
0-07 122.1 167.6 180.3
0-08 131.6 154.6 265.4
0-09 93.8 195.4 197.6
0-10 107.0 217.2 199.0
0-12 167.5 224.0 217.4
E-01 106.1 203.2 212.6
E-02 73.3 175.8 211.6
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Figure A.I: Location of the SMART I array in northeast Taiwan. The EPRI array is
located within the stippled region. The stations are shown as solid circles.
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Figure A.2: Projections of hypocenter of the more reliably located earthquakes in the
Taiwan region during 1973-1979.
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Figure A.3: Epicenter map of earthquakes recorded by the SMART 1 array through 1986.
The epicenters are plotted as crosses, except for events 5 and 39 plotted as stars. The array
is shown as an octagon.
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EVENT 5 21 JAN 1981 ML = 6.3 DISTANCE = 30.2 KM
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Figure A.4: The three components of ground acceleration from event 5 for the 17(vertical)
and 16(horizontal) station sub-array used in this dissertation. No record was obtained from
the east-west component of station M-ll.
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EVENT 5 21 JAN 1981 ML = 6.3 DISTANCE = 30.2 KM
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Figure A.4(continued): The three components of ground acceleration from event 5 for the
17(vertical) and 16(horizontal) station sub-array used in this dissertation. No record was
obtained from the east·west component of station M·ll.
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EVENT 5 21 JAN 1981 ML =6.3 DISTANCE =30.2 KM
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Figure A.4(continued): The three components of ground acceleration from event 5 for the
17(vertical) and 16(horizontal) station sub-array used in this dissertation. No record was
obtained from the east-west component of station M-ll.
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EVENT 5 21 JAN 1981 ML = 6.3 DISTANCE = 30.2 KM
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Figure A.4(continued): The three components of ground acceleration from event 5 for the
17(vertical) and 16(horizontal) station sub-array used in this dissertation. No record was
obtained from the east-west component of station M-ll.
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EVENT 5 21 JAN 19B1 ML =6.3 DISTANCE =30.2 KM
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Figure A.4(continued): The three components of ground acceleration from event 5 for the
17(vertical) and 16(horizontal) station sub-array used in this dissertation, No record was
obtained from the east-west component of station M-ll.
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EVENT 5 21 JAN 1981 ML =6.3 DISTANCE =30.2 KM
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Figure A.4(continued): The three components of ground acceleration from event 5 for the
17(vertical) and 16(horizontal) station sub-array used in this dissertation. No record was
obtained from the east-west component of station M-ll.
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EVENT 39 16 JAN 1986 ML = 6.5 DISTANCE = 22.2 KM
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Figure A.5: The three components of ground acceleration from event 39 for the 23 station
sub-array used in this dissertation.
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EVENT 39 16 JAN 1986 ML = 6.5 DISTANCE = 22.2 KM
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Figure A.5(continued): The three components of ground acceleration from event 39 for the
23 station sub-array used in this dissertation.
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EVENT 39 16 JAN 1986 ML = 6.5 DISTANCE = 22.2 KM
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Figure A.5(continued): The three components of ground acceleration from event 39 for the
23 station sub-array used in this dissertation.
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EVENT 39 16 JAN 1986 ML = 6.5 DISTANCE = 22.2 KM
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Figure A.5(continued): The three components of ground acceleration from event 39 for the
23 station sub-array used in this dissertation.
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EVENT 39 16 JAN 1986 ML = 6.5 DISTANCE = 22.2 KM
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Figure A.5(continued): The three components of ground acceleration from event 39 for the
23 station sub-array used in this dissertation.
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EVENT~lS 16 JAN 1986 ML = 6.5 DISTANCE =
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Figure A.5(continued): The three components of ground acceleration from event 39 for the
23 station sub-array used in this dissertation.
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EVENT 39 16 JAN 1986 ML = 6.5 DISTANCE = 22.2 KM
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Figure A.5(continued): The three components of ground acceleration from event 39 for the
23 station sub-array used in this dissertation.
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EVENT 39 16 JAN 1986 ML = 6.5 DISTANCE = 22.2 KM
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Figure A.5(continued): The three components of ground acceleration from event 39 for the
23 station sub-array used in this dissertation.
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