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SUMMARY

The analysis of the variability of strong ground motion, namely the influence of
the local conditions and instrument orientation, is made based on information
available from the SMART-1 array in Taiwan. The study focuses on the distribution of
the peak values and the variability of these peak values from site to site. It can be
concluded that local variability of the earthquake motion is important enou_?h not to
be ignored in the forecasting of the severity of the strong ground motion. The same
conclusions apply to the variability of the response spectra. Also studied is the
influence of the instrument orientation showing that accurate information can oniy be
obtained if the earthquake is looked at on its 3-dimensional content.

INTRODUCTION

This research work provides an useful insight on the studK of the variability of
strong ground motion from site to site. It was made with the records of 35
earthquake events occurred in Taiwan, obtained on the SMART-1 array (Ref.1).

In a previous work (Ref.2), variability of ordered peaks was studied. In here, a
possible explanation of the causes of variability Is presented, by looking
simultaneously at the three-component acceleration vector and extending the
analysis of variability to response spectra of the same records.

SMART-1 ( Strong Motion Array in Taiwan ) is a dense seismic array located in
the northeast corner of Taiwan near the city of Lotung. The array consists of a set of
36 force-balanced triaxial accelerometers displayed evenly in three concentric
circular rings of radii 200, 1000 and 2000 m and one at the center as shown inFig. 1.
Al stations are placed at the surface of arelatively flat recent alluvium made of 2
15-20 m thick gravel topping a gray silt clay. Water table is aimost at the surface.

Taiwan is part of a zone of high seismicity with a complex tectonic environment.
This environment originates several types of source-mechanism earthquakes, which
combined with different ranges of magnitude events and focal distances, suggests a
classification of the events into 4 classes (Ref.2), as presented in Fig. 2:

] - Nearby shallow small amplitude earthquakes, originated most
probably at small size shallow faults (M in the range 3-4).

? - Medium to large magnitude events ( ™M in the range 5-8 )
occurring  at dgreat depths ( 50-100 Km 7), underneath the array,
probably related to the dipping subduction,



3 - Shallow moderate to large magnitude events at _intermediate
distances from the array ( 15 to 30 Km ). The tectonic
mechanism should be similar to the one referred in 1. .

4- Distant ( larger than SO Km ) moderate to large magnitude events
at moderate depths.

Fig. 2 is a global representation of the hypocentral distance with respect to the
arrzy and irrespectivelx of the azimuth. For each class a typical event was chosen and
its location signaled ( ¥ 35, 30, 32 and 24).

The 35 events were recorded in the array between September 1980 and
September 1985, and were classified according to the previous criteria. These events
which produced strong motion at 712 different situations, were recorded in 3
orthogonal components: NS, EW and vertical (DN).

STATISTICAL DISTRIBUTION OF THE ORDERED PEAKS

Assume that a peak is the largest value of a set of recorded accelerations with
the same sign. The peaks are ordered by decreasing absolute vatue and the first one is
the peak ground acceleration, PGA (x1).

Usually the distributions of the ordered peaks are studied by either the
Exponential, Rayleigh or Weibull laws (Ref.3). Fig. 3 presents the general trend of
these three distributions plotted on exponential probability paper. Rayleigh
distributed peaks are concentrated in the high acceleration part, whereas in the
Weibull distribution they concentrate in the lower acceleration zone.

In this studr the type of distribution that better characterizes the data set is
analyzed. The selection criteria is based on minimization of the mean square error
(Ref.4). Fig. 4 presents the relative percentage of the different types of distributions
for each class. Fig. 4a refers to horizontal components and Fig. 4b to the vertical
component. As it can be observed from these figures, there is a large tendency for
Exponential and Rayleigh distributions. Weibull fype is only observed for horizontal
comporents and classes 1 and 3 ( short hypocentral distances). The tendencX for
Rayleigh distributed ordered peaks is largely noted for class 4 events ( large
epicentral distances )

VARIABILITY OF FIRST ORDERED PEAKS FROM SITE TO SITE

The repetition of this analysis for other stations showed great variations not
only in the PGA values for each station but also in the type of distribution. Fig. 5
shows the qualitative variation of PGA throu?hout the array for event 32, components
NS and vertical. The extension of this study to the 35 events showed that there is no

common trend on this variability: no relation to the type of earthquake mechanism or
class and no relation to geology.

The variations in PGA for a given event, measured as a ratio of high to low value,
varies from 2:1 to a maximum of 6:1. The coefficient of variation 0/x varies from a
minimum of 0.17 to a maximum of 0.49. The largest variations are observed in nearby
earthquakes. Fig. 6 presents the statistical distributions of PGA values recorded in
all stations for 4 different events, one in each class, emphasizing the dependence on
class and component. The variabilitz is not, however, very much dependent on distance
among stations, as can be seen in rig. 7, where the ratfo of PGA (event *24-N35) for
any possible combination of two stations is plotted against distance between them.

The study of the 2nd, 3rd,.. 11th peak vaiues across the array was also made. Fig.
8 shows, for each class of events, the average decrease of the mean values of these



ordered peaks with respect to the order number. The decrease is rather smooth
following approximately an exponential type law. Differences among classes reflect
the predominance of the distributions referred {n the previous section. The
coefficients of variation are almost independent of the order number and depend aiso
on class and component. Values vary between 0.15 to 0.3 for horizontal components
and between 0.25 to 0.4 for vertical components.

INFLUENCE OF INSTRUMENT ORIENTATION
How does instrument orientation influence previous findings 7

tn reality ground motion is a 3 component entity which is not invariant under a
change of the reference system. Several authors have addressed this problem (Ref.5)
trying to identify principal directions of motion, and correlating them to the
epicentral orientation. Imagine an horizontal rotation of a station b{ anangleQ . The
distribution of the ordered peaks of the record obtained in that station, was studied
and is presented in Fig. 9. Each curve corresponds to a given order peak. On the lower
portion of Fig. 9 the type of distribution which better fits the data is plotted against
the angle a. Several comments should be made: _

a) There is a remarkable dependence of both, the peak values ( PGA included )
and types of distribution on the ortentation of the instrument.

) PGA values vary 1: 1.8 as shown in the figure. _
¢) The higher and lower PGA values occur at approximately 902 apart denotmg
the presence of principal directions as obtained for the first three peaks ( 1st, 2n
and 3rd ) for the different stations during event *24 Fig. 10 shows that there is some
consistency among all stations.

d) An analysis of the peak values in just any two orthooonal cirections without
taking into consideration the above mentioned features, may lead to quite erreneous
estimates. In the present case to a value which is approximately 75% of the maximum
possible (see Fig. 9ata = 1152 and @ = 2052 ).

e) The type of distribution is very much dependent on the targer values, near the
principal direction.

In the previoys analysis the records were looked at in their g%lobality, l00sing
their time evolution. If the time evolution of the horizontal acceleration values ( as a
function of its amplitude and direction is analysed, the "record” has an aspect as
shown in Fig. 11, which consists on a dimetric projection of the acceleration vector
as a function of time (event *24, station 103). It is clear from this figure that there
are sudden changes both in the ampiitude and direction of the motion indicating that
there should be a definition for peak value which could consider this aspect.

In Fig. 12 the NS and EW components and the absoiute horizontal value of the
acceleration vector (event *24, station |01) are presented, showing that it is
necessary to deal with both components ( time envelope of the record ) if a more
realistic analysis of the peak values is to be made.

RESPONSE SPECTRUM ANALYSIS

The infiuence of the class of the earthquake on the average 5% damping response
spectra is represented in Fig. 13. The average is made for all the EW records in ali the
stations and for all the earthquakes belonging to a given class, normalized to the
same PGA value ( 0.175 g ). It is remarkable the difference between the spectra,
especially for classes 1| and 4. For each class the variability of the spectra ( not
shown ) is of the same order of the variability of the peak values.
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ROTATIONAL COMPONENTS OF SURFACE STRONG GROUND
MOTION

CARLOS S. OLIVEIRA
Laboratorio Nacional de Engenharia Civil, Avenida do Brasil, 1799 Lishon, Portugal

AND

BRUCE A. BOLT
Seismographic Station, University of California, Berkeley. California 94720, U.S.A.

SUMMARY

' Rotational components of seismic waves have been estimated using the strong motion array in Taiw: n, SMART-1. The
| iner rings of accele rographs, covering an approximately circular area of 3 km?, permit a decomposition of travelling
waves with wavelengths in the range 05 10 50 km and frequencies from 01 to 5 Hz

Rotational components of the strain field, obtained from station pairs and averaged over the array using stacking
techniques, were computed for five different earthquakes with M, magnitude 57 1o 78, and epicentral distances 6 to
84 km. The results indicate peak rotation values about a vertical axis on the order of 4 x 107 * rad at an approximately
2% s period. The measured vilues for pure rotation and rocking are in agreement with the spatial coherency structure
. observed in these earthquakes. For comparison, sigmficant effects to engineered structures generally appear when curl
" > 10°* rad. The estimates are important for design of scaled engineered models for soil-structure interaction

" experiments.

INTRODUCTION

Rotational components of strong seismic ground motion have been discussed in the bterature for many years.
F Richter! attributed to rotational wave components the rotational- offsets observed after earthquakes in
massive rocks, tombstones and in the upper part of chimneys. Nevertheless, despite numerous ingenious
. sltempts, until the present it has not been possible to measure directly the rotational components of ground
| motion even though the basic response of some seismological instruments such as the Wood-Anderson
P seismograph and carly model accelerometers relies on the relative rotation of a torsional pendulum but do
. not provide ground rotation directly. Perhaps the first published material on measured torsional compo-
pents in strong ground motion was made by Shibata er al.2 Their results obtained through a moving cotl-type
torsional motion pick-up contain, however. coupling with horizontal motion.

Newmark® emphasized that the rotational components of ground motion could be ol importance in the
- design of enginecred structures. His argument was based on the concept of # monochromatic plane wave
 travelling with an apparent velocity similar to that of & shear wave in the surface rock or soil fayer. For soft
s0il conditions, with shear velocities in the range of 100 1o 300 m/s, this model leads to rotations on the order
f of 10”2 rad, inducing significant stresses in certain types of structures. With a similar approach, Stratta and
. Griswold* used the displacement in monochromatic wave propagation to produce a relative rotation
b between adjacent columns supporting a rigid slab, and they demonstrated that structural collapse might

occur when rocking was of the order of 50 x 107 * rad. Since then, further concern has becn expressed in
sarthquake engineering regarding effects of the rotational components of ground motion, with the result that
at least one building code, ATC 3-06, now contains extensive material on practices that, implicitly or

 explicitly, take rotational motion into consideration.

} 0098-8847/89/040517-10$05.00 Received 2 June 1988
' © 1989 by John Wiley & Sons, Ltd. Revised 19 October 1988



518 C. S OLIVEIRA AND B. A. BOLT

From the theory of elastic waves, the shear 8, Love and Raylcigh waves all involve rotational strain while
the compressional P waves do not. Let u be the ground displacement at a point due o seistiic motion. The
relative importance of each of the three components of curl u depends on the type of structure under
consideration. For tall structures, both rocking and torsion become important,® whereas for small and rigid
structures only rocking may be important.

Recently, algorithins allowing inclusion of torsional motions i cngineering application have been
developed along two main lines: (i) analytical studics based on physical models of the source and
propagation; and (i) methods for generating both response spectra and compalible time-scries.

Work using physical modelling has been done by Bouchon and Aki® in relation to the Imperial Valley fault
which produced the 1979 carthquake. They simulated mathematically a strike-slip fault undergoing & tolal
relative displacement of 1 m (approximately equivalent 1o a magnitude M, =63 carthquake), and computed
the strain field for different locations (Figure 1). Torsion and rocking components of ground motion obtained
along a transverse profile o the fault trace (Figure 1) show that the peak rotations decrease quite rapidly with
distance 10 the fault. Observationaily at § km from the faull, the instrumental measurements yickded peak
values on the order of 107 * rad. They also found that the attenuation depends on the type of wave present
and on lateral crustal heterogeneities. Simpiified models of monochromatic waves were found tq produce
satisfactory fits only if the apparent velocity is the shear velocity in the basement rock or the rupture velocity
on the fault, This result throws into doubt the mitial assumption of Newmark, that the appropriate apparcnt
velocities were much smaller.

On the engineering side, based on refraction of seismic waves al the ground surface, Trifunac’ derived the
response spectrum for the rotutional components of seismic ground motion from 4 harmonic translational
component at the surface. Subsequently, Lee und Trifunac® developed torsional accelerograms compatible
with an artificial translational accelerogram with a given proportion ol surfuce and body waves. Other
researchers® ™ 12 used similar techniques to compute rotational response spectrufti. Several studies,! > '* made
in recent years, were concerned with the response of engineered structures Lo horizontally propagating waves
but diu not include the rotation feature.

None of the above studies, however, have had the benefit of testing against ield o rasurements. The first
values of ground rocking measured with some precision were obtained by Niazi'® ‘rom anu.,sis of the three
components of recorded acceleration along the El Centro linear differential array during the 1979 Imperial
Vailey carthquake. This array, located approximately 5 km from the fault trace, consists of 5 aligned
recording stations 18 m apart sub-paralicl to the fault. Niaz computed peak rotational values of
50 x 10~ * rad when only adjacent stations were used; these values dropped to 107* when larger station
separations were considered. Table ! summarizes the results obtained in past studies of the 1979 Imperial
Valley carthquake.

b} £AULT (plan view)
g 2x104 | ¥
< TORSION
E ORS
o
< ROCKING
o oaxwd L
a
0 5 10 15 20

DISTANCE FROM FAULY (km)

y analytical simulation, along a prolile perpendicular (o a strike—slip fault that undergoes 1 m
displacement {adapled from Bouchun and AK1®)

Figure |. Peak rotation values oblained b
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Table 1. Past studies of rotational components (1979
Imperial Valley earthquake)

Author Type of study Peak rotation
Niaz'® Measurements v *rad
El Centro (d = 18 m)
differential array
2x 1074
Fault at < Skm {d > 18 m)
Bouchon Analytical
& Aki® simulation 7 % 1073 rad
Fault at < Skm

OBSERVATIONAL BASIS AND ANALYSIS

Circuiar arrays of seismic sensors, with adequate timing, can measure curl u directly. In an attempt to explore
the experimental uncertainties, we have used data from five earthquakes recorded at the strong motion array
in Taiwan, SMART-1. The array consists of 37 triaxial three-component force- balanced accelerometers
arranged in three concentric circular rings of radii 200, 1000 and 2000 m, and one at :he centre (Figure 2). The
rings with [2 equally spaced stations are named I{inner), M(middle) and O(outer), respectively; the centre
station is C-00. The distances between station pairs vary from a minimum of approximately 105 m to a
maximum of 4000 m.

The five earthquakes studied are listed Table 11 with numerical designations 5, 24, 39, 43 and 45. They
are among the largest cvents recorded by the array and cover a range of magnitudes and epicentral distances
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Figure 2. SMART-! array configuration and reference system
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Table 11. Charactenstics of SMART-1 carthquakes

PGD (max)

Origin Mag. Dist.  Aamuth Depth  PGA (max)
Event time (M,) (km} (N-E) (kmj) {cm/s?) (cm)
# 5 1981.01.29 57 30 1497 25 Horiz.—244 Horiz.— 2'5
04:51:34'5 Vert. — 64 Vert. — (5
# 24 1983.06.24 &7 84 124° 48 Horiz.— 65 Horiz— 20
09:06:46:3 Vert. — 15 Vert. — 05
#19 1986.01.16 58 22 64" 10 Horiz.—37% Horiz.—100
13:04:32-0 Vert. —314 Vert. — 06
# 43 19%6.07.30 56 6 150" 2 Horiz.-—283 Horiz.— 60
1t:31:47-5 Vert. —224 Vert,. — 06
# 45 1986.11.14 78 79 175 7 Horiz.—238 Hornz.— 85
Vert. —104 Vert, — 2:5°,

21:20:01-2

(Figure 3). Event 45 is the lurgest earthquake to trigger the SMART-1 array since its installation in 1980 and
the seismic ground motion caused considerable damage in north Taiwan. All events show highly sp
correlated ground motion during the arrival of the $ waves and sometimes in the coda. This is more clear in
the displacement traces (Figure 4), and especially for those events, with larger magnitude and larger
epicentral distance, which have a consistently lower frequency content throughout the total duration of

26.0
25.0 - TAIPEI. o
N smaRT 11 *°°
o
3
£ *
=
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HUALIEN ‘ *
24.0 o -
* 45
0 50
_
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121.0 122.0 123.0
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Figure 3. Epicentral locations of evenls under study (latilude and longitude in degrees)
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motion. Maximum ground wave displacements range hetween 2 and 10cm at SMART 1. More detailed

information on these events is published.'®"' !

Corrected accelerograms were computed using a low frequency cutoff at Ot Hz and 2 high cutofl at
250 Hz. and subsequently velocities and displacements were computed. The integrations were made in the
frequen~y domain, Direct and inverse FFT algorithms were used, after removal of a constant term, together
with a bandpass 6-pole Butterworth filter applied in the direct and reverse time axis to remove phase
distortions. Comparisons between the 6-pole and the Ormsby filter as used in standard USGS procedures
were made, and the results were gsimilar. The influence of filter parameter values on displacements was

checked, and for frequencics above 0 5 Hz. the results comparing particle motions at adjacent stations were

not sensitive to these variables.
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Figure 5. Three component rotational time-histories ( x 107 rad) computed for inner-ring stations: (a) event 43, {b) cvent 45.
Continuous lines denote mean values and dashed lines denate mean plus one standard deviation

larger station separation increases the scatter significantly so that ground rotation is no longer resolved with
the simple stacking technigue used. The ntroduction of time lags selected to yield maximum correlation
before stacking slightly improves the rotational estimates, but the results become highly dependent on the
selected time window.

(vi) Filtering, using the two frequency windows referred to above, shows that the main energy contributing
to the larger rotational components is contained in the range 0-2 to 1-0 Hz. In the range 1-0 to 5-0 Hz,
rotations are still present but with smaller amplitudes; above 50 Hz, rotational components cannot be
detected by SMART 1 in these earthquakes, The result is no doubt related to the lack of spatial coherency of
wave components at the high frequencies'® and perhaps errors in spatial coordinates of each station.

(vii) Results obtained starting either from displacements or accclerations are approximately the same, with
variations on the two extremes of the spectral content. Differentiation introduces spurious high frequency
glitches and intsgration introduces long period oscillations. In both cases adequate filtering reduces the
problem.
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Table 1I1. Rotation peak values

0 i
Event Comp. (= 10 °rad) { x 107 ° rad/s?)
5 torsion 85 910 b
rocking 44 312
24 torsion (3] 270 S
rocking 57 83 .
39 torsion 14:6 1324 k
rocking 51 2458 -}
43 Lorsion 74
rocking 57
45 torsion 393 915
rocking 12:%

observed for cach event with the mean peak
is a systematic trend, but this correlation is
[ the

Figure 7 correlates the relevant mean peak acceleration values
torsional and rocking components. In the case of rocking there
not clear with the torsional component, a result perhaps explained by the low frequency content o

ground displacement.

CONCLUSIONS
nd motion was found to be

The stacking technique used for esumaung the rotational components of grou
effective for array analysis. The SMART | array is not able to detect rotational components for frequencies
above 50 Hz, but at lower [requencies the m
coefficient of variation) is consistent with previous estimates of Niazi
assumption that the wave attenuation over the epicentral distances used he

aximum measured average result of 4 x 1077 rad (with a 013
% and Bouchon and Aki® on the
re is relatively large. 1t should be
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Figure 7. Peak ground rotation as a function of peak ground displacement

haurne in mind. however, that the SMART | array is located at Lotung in a water-saturated alluvial basin
which may indnce <ame ste specitic rotattonal behaviour.,

With the caution given above, the observed values from the moderate carthquakes discussed here suggest
that, for epicentral distances greater than 30 km and magnitudes smaller than 7, the pure [ree-field rotational
components of ground motion would contribute little to the response of engineered structures in the
frequency range 0-2 to S Hz) Nevertheless, for sites nearer the seismic source, rotations may be important, as
indicated by the measurements in the 1979 Imperial Valley earthquake.

Additional measurements of pure rotation and rocking components of seismic wave motion are much
needed for structural considerations.!® "!'2 Answers to questions on the structural response of high rise
muitdings and other major and critical buildings 1o torsional seismic wave components require a much
greater data basc than is now available.
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This paper presents a method of generating multiple-support inputs for any given set of » surface focations having space
coordinates x, and y, (i =1.2...., ) which are compatible with the main wave propagation properties observed in the Strong
Motion Array Taiwan (SMART-1). Based on data collected in this array during two different earthquakes, a coherency
function y,!(d,l_j, d,a £} is developed for pairs of stations, i and 4, as a continuous function of frequency f and projected
separation distances a’fj and d,‘, in the longitudinal direction of preferential wave propagation and in the transverse direction,
respectively. Using three different time windows. changes 1 apparent wave velocity and power spectral density are determined
as functions of frequency by averaging such functions over the entire array Finally, an average shape function for the entire
time-history is obtained. This entire process was repeated for each of the three components of motion. Coherency between EW
and NS components at each slation was also investigated. The results presented herein are essentially vahd for station
separations up to 400m. An algorithm and procedures for generating spatially correlated ground motions which incorporate all

of the above mentioned features are presented.

1. Introduction

For some time (1], consideration has heen given to
wave propagation as it affects the response of structures
11 strong grouad motions. It has been recognized that
spatial variations induce rotational components at ndi-
viduat sites and cause differential movements along the
foundations of extended structures. Until recently, all
such considerations have been based primarily on theo-
retical developments and on observations of overall
structural behavior during carthquakes [2-4]. The study
of strong ground motion characteristics acquired a new
dimension, however, when high density arrays of accel-
crometers were developed. These arrays permit for the
first tme. among other features. the determination of
spatial correfation of ground accelerations and displace-
ments, the evaluation of variability of motion within a
small area. the computation of ground strains, and the

' CGraduate Student.

? Researcher.

' Professor Emeritus of University of California and Board
Chairman of Eastern International Engineers, Inc.

determinations of torsional and rotational components
of ground motion. These characteristics are ol impor-
tance in the definition of ground motions to be used for
inputs into engineered structures, especially extended
structures such as buried pipelines, tunnels, bridges, and
dams. They are also of importance in defining the

inputs to tall structures such as high rise buildimgs,

towers, and chimneys, and the large rigid continuous
foundations such as those of nuclear power plants.

In the present paper, selection and quantification of
the main parameters controlling wave propagation are
of primary concern. Using modern techniques for wave
propagation detection and the SMART-1 (Strong Mo-
tion Array Taiwan) data recorded during two earth-
quakes. a methodology is developed for generating time
series which are compatible with the corretation proper-
ties observed in the data. Such time senies can be used
as the design multiple input to important structures.

1.1, Description of SMART-1 array and its geological
yerting

The SMART-1 array with its 37 stations covering an
approximate area of 12 km? is located in the northeast

(0029-5493 /89 /$03.50 © Elsevier Science Publishers B.V.

iNorth-Holland Physics Publishing Division)
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SMART 1 ARRAT CONFIGURATION

Lo-01

STATION

I3
" ' f Vapp

JE02

Fig. 1. Array configuration and location of recording stations.

corner of Taiwan near the city of Lotung. Its installa-
tion began in September 1980 and was completed by
August 1982, By December 1987, 51 earthquake events
had been recorded in this array, producing records with
peak ground accelerations, PGAL ranging from 10 to
350 cm /»0. About 3500 records are now available. The
array consists of 12 triaxial strong-motion acecelerome-
ters tocated in each of three concentric circular rings
having radii of 200 m. 1000 m, and 2000 m, and of one
triaxial accelerometer located at the center of the array.
fig. 1. The three rings with 12 equally spaced stations,

numbered 1 through 12 clockwise are named [(inner),
Mmiddie) and Ofouter), respectively: the center station
is named C-00. The distances between station pairs vary
from a minimum of approximately 105 m to 4 maxi-
mum of 4000 m. In June 1983, stations E-01 and E-02,
located respectively at 2.8 km and 4.8 km south of C-00,
were added to the array. These latter two stations are
installed on rock while all others are placed at the
surface of a relatively flat aliuvium having elevations
ranging from 2.4 m to 18,1 m over the array. For a more
complete description of the SMART-1 site conditions,

Table 1

Muin characteristics of SMART-1 events under study

Event Origin Mag Dist. Azimuth Depth PGA(max) PGD(max)
ume (M.} (km) (N-E) (km) (cm/.\,z} {rm)

=24 1983 06.24 6.7 B4 124° 48 Horiz- 65 Horiz- 2.0
09:06:46.3 Vert- 15 Vert- (L5

=45 1986.11.14 7.8 79 175° 7 Horiz-23% Horiz- 8.5
21:10:01.2 Vert- 104 Verg- 2.5
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Fig. 2. Epicentral location of events under study.
and its station coordinates and instrumentation, sce
Bolt et al. [5] and Abrahamson [6].

1.2 Summary of main properties of the recorded edarth-
quakes

To study wave propagation in the SMART-1 basin
and to characterize the main properties associated with

it, two earthquakes listed in table 1 as events numbers
24 and 45 were selected. As indicated, these events had
magnitudes of 6.7 and 7.8, epicentral distances of 84
and 79 km, fig. 2, peak ground accelerations (PGA) of
65 and 238 cm/s?, and peak ground displacements
(PGD) of 20 and 8.5 cm. Event No. 45, the largest
earthquake to trigger the SMART-1 array since its
installation in 1980. caused considerable damage in
north Taiwan. The events referenced in table 1 pro-
duced highly spatially correlated ground motion during
the arrival of the S waves [7]. Fig. 3 presents the N-S
components of acceleration recorded during events
numbers 24 and 45 (For more detailed information on
these events see Oliveira [7], Darragh [8], and Boelt and
Chiou [9])

2. Theoretical considerations on wave propagation and

multi-signal processing

2" Basic theory

The general representation of ground motion at any
station location P(x, y, z), consists of time and/or
frequency domain descriptions of the three translational

processing time windows for event 24 and avent 45
100 svent 24 NS C-00

k) OH-—NMWWMV\/\MW;
S

~100

100

gal

-100

event 24 DN C—-00

[ et A A A e N e T st N A NN N\ e e

window !
window 2

window 3

event 45 NS C-00

300 —|

gel

—300

ot N s e

300 event 45 ON C-0Q

qal

B e AR oA A

-300 LIS D H St St SN BN SN R S B I S B B S s AN (N I SN N A e A B A O SN NN L SRR D B BN
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30

time{sac)

window 2

wingow 3

Fig. 3. Acceleration traces for events #24 and #4535, Time windows used.
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and rotational components [10.11]. with respect to ases
1.2, 3 as given by

u,,=d,. tw,=uv, and i,=a

m ot

L‘m*}zﬁm' e :Hm, and il:Er.rfr+]=0m*

m+

m=1,2,3; (1)

where d, v, and « denote displacement, velocity, and
aceeleration n the s direction, respectively, and where
# denotes rotavon about the m axis. Both the ume and
frequency domain representations w(r) and Liw) are
complete and unique, where Utia) iy the Fourier trans-
form of w(r). Displacement is treated herein as a func-
ton of both time and space, e w, =u, (1. x. ¥, 2)

One direct way of analyzing data obtained at dig-
crete focations on the ground surface 15 to compute the
correlation function R, (1. 7) between any two
components w,, and w, at locations i and /. respec-
tively, as defined by

For simpheity, let us first consider the same component
of ground motion at each of the different locations. In
this case, subscripis m and # can be dropped, leaving
indices + and ; to characterize the process. As will be
seen later. this simplification does not diminish the
generality of the subsequent development.

For a stationary rundom process, the cross correla-
tion funcuion depends only on the time lag 7. and it can
be shown that

;e;,h)—f"' S oGy e di, ()

ya

where the function §, (1&2) given by

1

\ = : 1 il [
S e ) = Illrl’lr 277‘[[ !'.ju,{.’)C Yde

x f];ju;({) c"“d:] (4)

is called the cross power spectral density function be-
tween w, and o Bf =70 eqgs. (3) and (4) express the
sulocarrelation function R, {7) and the power spectral
density function S (@), respectively. Due (o the nature
of the process, 8, (@) is a real quantity, and 8, (i@} is a
vomplex  guantity having the properties Re(S, ) =
Re( ) and Im(S, )= —Im{5§ ). This means that the
matrix contaimng all spectral density funcuions S, (iw)
i Hermitian,

The cross correlation function R,;(~' can be nor-
malized and be made dimensionless in accordance with
the relation

R (7
p (1) = T 3)

.,'Ru(n) V“IR[_] (0)

yielding a cross correlation coefficient p,, (7). Th cor-
responding relation in the frequency domain is

S,0@)

= e (())
‘,Sn(w) ".S;,(w)

v, (@)

vielding a coherency function v {iw). Both p, (7) and
yj(ia)‘)-- the coherence - are good indicators of the
degree of correlation between two different signals. For
totally correlated signals their corresponding values are
+1 and 1, respectively, whereas for totally uncorrelated
signals, their values are. in each case. vero. The time
shift 7 for which p, (1) reaches its maximum vatue is
related 1o the time that a given portion of the signal
takes to travel from station + o station j. This shaft in
the time domain corresponds o a change exp(izT) in
the frequency domain, where

T=d /v, (7)

with n, denoting the surface apparent wave velocity at
frequency @, and d,ll‘ the projected separation distance
in the longitudinal direction.

The concept of correlation and coherency can also
be used to identify principal directions of propagation
of given wave trains {12,5,6], and their degree of polari-
zation [8]. To do so. the three dimensional characteriza-
tion of wave propagation as measured at a given site

" should be considered. The reference Cartesian system

for the travelling waves can be rotated into a position o
produce, for a given time and frequency window. maxi-
mum values of p, and yfj. This 15 accomplished by
determining the eigenvectors or principal directions of
the matrices R, (7= 0)or Re( S, (i@)], 7, j=1,2,3 In
physical terms 1t means that, for a given time interval
and frequency window, the particle motion can be
described by a set of three independent orthogonat
motions with peak amplitudes proportional to the axes
of an eliipsoid. The ratios between pairs of eigenvalues
which provide a measure of tne degree of polarization
of the corresponding motions, give the dimensions of
the ellipsoid along principal axes. Using the coherency
matrix approach. if the ratio 1s close to 1, it means that
the wave is circularly polarized, and if close to zero, it is
linearly polarized. This technique has been successfully
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used in the wdenufication of predominant wave trains,
their directions of propagation. their apparent veloci-
ties, and their types of particle motion.

Using the so called F-K approach (frequency-wave
number spectrum), Bolt et al. [3] and Abrahamson [6]
identified predominant wave energy in the band 0.5-2.0
Hz propagating from the epicenter. Even though this
technique ts not as selective as the one developed by
Loh and Penzien {13], the results are of the same order
of magnitude.

More sophisticated treatments. such as stacking or
the solution of 4 3n (n being the total number of
stations) eigenvalue problem. will extend the above
mentioned concepts invelving one station-pair to all
stations in the array. Details of this type of analysis can
be found elsewhere [8].

2.2, Data processing

In this investigation. systematic use has been made
of the Fourier Spectrum and Frequency-Wave Number
Spectrum Analysis {14], as tools to determine the main
wave propagation charactenstics. The direct and inverse
FFT algortthms were used. after a DC removal, to-
gether with a 6-pole Butterworth band-pass filter ap-
plied in both the direct and reverse time axes to remove
phase distortions. Corrected acceleration, velocity, and
displacement time-histories were obtained using a low
frequency cutoff at 0.1 Hz and a high frequency cutoff
at 250 Hz. All integrations were carried out in the
frequency domain. The results obtained using a 6-pole
Butterworth filter were found to be very similar to the
results obtained wong the standard Ormsby filter used
by the United States Geological Survey (USGS),

The Frequency-Wave Number Spectrum Analysis
(F-Ky. was carried out using stacking high resolution
array technigues [14], to compute the power for a given
frequency window. The results provide information on
wave numbers & and &, which contain high power,
and consequently, on hoth apparent velocity and
azimuth of propagation. The existance of only one peak
in the spectrum indicates the presence of a predominant
plane wave. If several peaks exist, they indicate the
presence of multiple waves propagating simultaneously
at different apparent velocities along different azimuths.

While correlation functions were obtained directly in
the tme domain. the power spectral density and
coherency functions were obtained in the frequency
domain. The coherency computations required
frequency smoothing prior to multiplication in order to
obtain values different from 1. A triangular smoothing
window with 9 points was used for this purpose.

coherency between 1-06ns and | Ons
190 gy event 45
] w I '
gl AR
= ] ‘ \“ e
g L VA
§0.50 - ! ; r
£ i ‘
i
1
“ nr"} C & 15.00 2500
ey )
overaged coherency values for the inner nng
o0 - Lvent 45 NS component
l
WW
' |
£ w I
[
v o.sn !
o |'l
£ |,
5 !
O !

frequency(hz)
Fig. 4 FEffect of averaging of coherency functions on noise
reduction: {a. top) pair of stations. (b, bottom) average of 10
pairs of stations.

As mentioned in the previous section, spatial wave
characterization can be made by using either the corre-
lation coefficient function or the coherency function. In
the present investigation, correlation coefficieny func-
tions were computed for many station pairs using dif-
ferent time and frequency windows. Results previously
reported by Oliveira [7] shows, as expected, that the
maximum values of the correlation coefficient functions
are strongly dependent on the time and frequency

- windows used. The correlation coefficients, for the

non-frequency filtered cases, were almost equal to one
when the wave arrivals were well defined, e.g. using
station pairs in the inner ring in the case of event No.
24, Elsewhere i the array the correlation coefficients
dropped off to values of approximaitely 0.6, This tech-
nique permits the detection of the time shift 7 for
maximum ¢orrelation and, consequently, the evaluation
of the corresponding apparent vetocity. In those cases
of low correlated signals, it is difficutt by this technique
to obtain good values of 7. therefore, other techniques
such as the aligned phase spectrum method [15]. is
recommended. Frequency dependences which have been
observed by others [16.6.15], are major factors control-
ling spatial correlation.

Working in the frequency domain, coherency is ob-
tained through computation of the cross spectral den-
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sity functions estimates ., . Based on his swudies of
SMART-1 datwa, Loh {16] suggested the following equa-
t1on to compute S,

$,00@) =5(@) |y, (@) | explied) /) (8)
where
\v.,(o‘o)l:cxp(—kz—aﬂd,‘;i), (9)

where A is a frequency dependem parameter having
units o7 (e s veloci'y), typp denotes the apparent
wave velocity at frequency &, and S, (&) 15 an averaged
power spectral density function for the entire array.
Selecting this form of equation was based on the ob-
servation that the cross spectrum attenuates with dis-
tance and experiences a phase shift due to the travelling
waves. Also based on a study of the characteristics of
four events, and assuming isotropy in loss of coherency
with distance. Harichandran and Vanmarcke [15] sug-
gested an equation of the form

il 1+ 4 +ad
- = - A+
NTETh ¢ })

v, (iw) =14 exp

+(1—A)cxp(f

N
2d,,

6--{@)(1A+(m)”

e - .
{:mp !

['IflJ
#EXp ) (10)

where 4 and a are constants, ¢(o) represents the
spatial scale of fluctuation and &, is the distance
between stations i and . These parameters were all
determined by the method of least squares using mea-
sured ground motion data, Using the data of event No.
20, Harichandran and Vanmarcke [13] obtained A, «,
and the #(w) function as given by

A =0.736, a=10.147  and

1.2

#(a) —3300{1 o ]f:)] . (11)

For engineeri. g purposes one can use a simplified model
for representing the travelling waves which consists of a
single monochromatic wave propagating with a speci-
fied apparent velocity. This approach seems to give
good results when considering displacements and it
provides upper hound results when considering acceler-
aflons.

3. Estimation of model parameters based on SMART-1
array data

Model parameters, as described in section 2, were
estimated using data recorded at the inner-ring stations
of the SMART-1 array during events No. 24 and No. 45
following the procedure given below.

3.1 Coherency

Coherencies for all possible station pairs were ob-
tained using the frequency domain approach (sec sec-
tion 2.2). As seen in fig. 4a, the coherency computed for
each individual pair of stations shows a large noise
content, which can be greatly reduced by averaging the
coherencies of several station pairs. Fig. 4b shows how
the averaging process of the amplitudes of the coherency
functions for station pairs eliminates the presence of
noise. To investigate the influence of noise in the
coherency computations, white noise signals were gener-
ated, having absolute values of coherency for individual
pairs of signals equal to approximately 0.3 over the
entire frequend y range considered. Averaging over mtany
pairs greatly reduced this level of coherency.

In order to obtain a continuous function expressing
loss of coherency with distance, station pairs having
approximately the same projected separation distances
(d{'}‘ d'1* were selected and categorized into nine
groups (a’,’f. d,';:SO m, 100 m. 200 m). Values of
coherency loss for station pairs in each group were
calculated and averaged. The averaged values, for which
the noise had been substantially removed, were then
used as the true values expressing loss of coherency
between station pairs at the corresponding distances.

After considering the several models available in the
literature which represent loss of coherency with dis-
tance [15-19], the present authors believe that a
coherency function of the form

v {dh o d)f ) =exp(—Bid); - Bydl))
Xexp[ - (ald,lj‘l/z + (rld,"j]/z)le

! Ly

d
i2mf '—’) (12)

X exp
Dapp

\

adequately represents field conditions. In this expres-
sion, f represents frequency in Hz (& = 24/}, and the

* d,lt; and d,'j' are projected separation distances in the longitu-
dinal direction of preferential wave propagation and in the
transverse drrection, respectively.
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Table 2
Values of 8, and 8, for different components and events
Event #24 Event #45
NS EW DN NS EW DN
A, 478x10"* same s1 =104 74x10"* same 1.88x 10
A, 1.59%10°* same 2.64x10 7% g6x10"* same 3143%x10°°

parameters 8,, f,, «,, and a, must be evaluated by the
method of least square fitting using SMART-1 data; 8,
and B, were obtained by fitting the coherency values
when f=0; however, a; and a, were computed to fit
the coherency values at each frequency. Table 2 pre-
sents 8, and B, for the different components and
different events, and fig. 5 presents «, and a, as
functions of frequency. In generating these parameters,
the entire time-histories of ground motion were used,
even though it was noticed that the frequency depen-
dent coherency functions were somewhat time depen-
dent. This dependency was judged to be too weak,
however, to require a detailed time window analysis. As
seen in fig. 5, the values for a«; and «, show the
coherency function to be much more dependent on

ALPHA values colculgted by
least squars method

Event 24 NS
0.010
ALPHA1
0.005
£ -
; 0.000
ALPHAZ
-0.005 —~
=0.010 ST YT T T T T T T
0.0 5.0 10.0
frequancy(hz)
ALPHA volues coiculated by
least sguare mathod
Event 24 DN
0.010
ALPHA1
Q.005 -4 '/\
.
kS M
; 0.000
-0.005 —
B LA o e o o B B 0 S e
0.0 5.0 10.0

frequancy(hz)

longitudinal distance than on transverse distance; how-
ever, this observation did not hold for all components
of motion, particularly in the lower frequency range.
Fig. 6 shows the coherency values calculated by eq. (12)
for different distances. As will be shown later in the
generation of surface ground motions at the » site
locations (x,, ¥, (=1, 2....,n), the developed
algorithm requires the existence of both d,lj- and d,TJ,.

Even though coherency values for distances greater
than 400 m were not of much concern, their average
values were computed for all stations in the middie and
outer rings of the SMART-1 array having average sep-
aration valu:s ol 1000 m and 2000 m, respectively. Even
these revults were found to be in reasonable agreement
with the coherency model presented above.

ALPHA voluea calculated by
least square mathod

Event 45 N5
c.010
ALPHA1
(3.005 —
-
0.000
3 7
ALPHAZ
—0.005 —
=0.010 4T T T T T T T T T T T T
0.0 5.0 10.0
frequency{hz)
ALPHA vglues calculated by
least aquore method
Event 45 ON
0.010
ALPHAL
0.005 — \_\
s
5 0.000
ALPHAZ
—0.005 -
=0.000 T T TTYTTT I T T T T T T T T
0.0 5.0 10.0
frequency(hz)

Fig. 5 Vanation of ) and a, with frequency for different components and events.
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Table 3
Parameter values for the Kanai-Tajimi power spectral density function lor different time windows, components and events
Window Event 24 Event #45

NS EW DN NS EW DN

§s Wy e “g & £, “y £y “y £y Wy
1 0.3 19 0.95 1.0 0.33 2.0 (.84 O.17 0.80 4.5
2 0.26 1.1 0.30 1.2 0.83 09 G.80 1.2 (.80 4.5
3 (.58 0.8 .71 1.0 (.60 0.5 0.95 0.50 0.41 0.6

Model COneranGy «Ta.e
g HOm Crec

MGOe eoherency v un
noa 300m nrea

i
Di=2hm
by [t 5Dm
o S i
L e " C
boun iz T Ly
M Dt=dim .
¥ M-5Em e
5 b o b
0 rr e nrerren con S e
: ¥

)

freguenclhy; frequency b

Fig & Coherency function as decived by eq. (12} for different
separation distances, ¢, and o,

3.2 Power speciral density funcrion

An averaged power spectral density function for all
imner-ring stations was computed for each time window
ustng the Kanai-Tajimu [20] form

4 RO,
w, + 4$gwgw

-5 i (13}

Sl =

The numerical values of constant Eg and w, obtained in
each case are shown in table 3. The scaling factor I' was
found to have values as shown in table 4. Fig. 7 shows
the averaged power spectral density functions for the
mner-ring stations for different time windows. In only

jable 4
Power spectrum scading factors for different ime windows,
companents and events

Window Event 24 Fvent 45

NS EW DN NS Ew DN
1 [ 1.0 1.0 1.0 (.42
2 1.34 ) 94 1.49 1.24 (.42
3 1.65 1.06 207 1.8 1.21

one case. namely the vertical component of event No.
24, did this Kanai-Tajmt form not correlate with field
results. In this particular case. band-limited white noise
was found to be more representative.

averaged auto powar spectral denaity function
or all inner ring stations (Event 45
NS time windew 5-10 sec
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Fig. 7. Average power spectral density function for the ianer-
ring stations for different tume windows.
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Fig. 10. Average shape function for the inner-ring stations.

3.3. Appurent velocity

Apparent velocity i1s the most difficult parameter to
assess, even though preferential waves are propagating
from the epicentral area to the site at all times. This

-difficuity is due to the presence of waves approaching

from other directions with diverse apparent velocities
which are particularly noticeable for frequencies above
certain limits within the different time intervals. This
feature, found to be present in all events, undoubtedly
hus characterisucs reflecting the particular geological
environment, where the waves are reflected and re-
fracted in multiple forms. To illustrate the determina-

time window (3asc—8sec)

14
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8
&
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Fig. 9. Apparent velocities as a function of frequency.
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tion of apparent velocity and azimuth of propagation,
and F-K diagram ot the approaching wave field for
event No. 45, using a frequency window centered on
f=0.49 Hz, is shown in fig. 8. Fig. 9 shows the vari-
ations of apparent wave velocities with {requency for
the different time windows.

Other techniques to detect apparent velocities and
azimuth directions were also used such as the 7-x analy-
sis [7] and the principle direction analysis [21]. Com-
parisons of the current results with those of other
studies [16.15.21), show similar trends related to ap-
parent velocity as a fuaction of frequency.

3.4, Shape function

Hilbert transformations of the signals were used to
determine the time envelope functions. For each com-
ponent. average envelope functions were obtained for
all inner-ring stations, Fig. 10 shows an example of the
NS component for event No. 45, Based on the SMART-1
data, a shape function {(r) of the form

§(ry=arexp(—b?) (14)

wus found to correlate reasonably well except for the
vertweal components of motion recorded during event
No. 24. In this case, a constant envelope intensity was
found to be maore appropriate throughout the entire
time-history. The two parameters ¢ and b in ¢q. (14)
can be determined by normalizing the maximum value
of {(1) 1o one at time 1,. which vields the relationships

a=vy2be and E(t,) =10, {15)

where ¢ 18 the base of the natural logarithm. Table 5
stiows the values of ¢ and b for different components
and different events,

1.5 Coherency among different components al the same
station

Coherency between the horizontal components re-
corded at each station was computed station by station.

Table 2
Shape Tunctien paremeter vilues for different components and
cvents

T T s

NS EW DN NS EW DN

L (8) F 11 12 12 8
d 0,206 0.15 01374 .1374  0.206
h 00078 QU413 0.00347 000347 0.00TR

il
p”a!i ‘- .‘i ‘ X jI‘J
s

F 'J\J
Trouerc,

\

F

g. 11, Average coherency function for different components
at the same station.

and then, the average was obtained for ali stations. Fig.
11 shows the results obtained for event No. 45 between
the NS and Ew components. The low values shown
indicate that correlation among horizontal components
15 very small as one would have expected because the
NS direction is nearly the same as epicentral direction
which normally is close to being the direction of major
prii.cipal inotion.

4. Simuiation of strong ground motion
4.1. Ground motion generation in the time domuain

Assuming that earthqguake ground motions are sta-
tionary random processes having zero mean values and
known power spectral density functions and cross
coherency functions. a series of spatially correlated
ground motions can be generated through the following
method [23]:

Assume the ground motion time series have the same
power spectral density function S;(@) (—@y € @ < &y,
where &y Is the Nyquist frequency) at every station,
which is a reasonable approach when the focus of the
earthquake is at a large distance from the site as com-
pared to the site dimension. The cross power spectral
density functions S, ,{1%) can now be expressed in terms
of 5,(&) and the coherency functions y, (i) as given
by

@) Y])(ia] Tgn(i“.’]

S(ay = yaliv) v, (Q)

1) |5 (3,
Y {lw)  ypealic) ... Y.m( w}
NS W SRy, (16)

The generated time series (1), w,(r),.... u,{t) must
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be compatible with .. individual functions in S(&).
To do this, let

()= Y T A3

m=1n=1
><c05[5,,t+,8,m(33,.)+¢mn(5n)]9 (17)

where amplitudes A4,,(&,) and phase angles 8,.(&,)
are to be determined to insure the proper correlation
relations satisfying eq. (16}, and ¢,,,(&,) is a random
phase angle uniformly distributed over the range zero to
2a. Note ¢, and ¢, should be statistically indepen-
dent unless m = r, and 1 =s.

To obtain the proper values of A,, (&) and B,,(@)
at each discrete frequency @,, the contribution to the
time average {u,(f)u,(7)y, by w,(r) and (1) in a
frequency band A& centered on &, is considered. As-
sume i = j; then for motion in this frequency band, the
tme average is

(g (1)) (1))

- <{ S A, cos(@,0 + B + %)}

m=1

Wy

when m>; and m=r. (u, ()u,(t)y=0 since mn
these cases, ¢, and ¢, are statistically independent.
The abave equation then reduces to

(g (0u,, (1))

xfiA,,cos{E,,t+Bf,+¢,,,)}>. {18)

!
= < 2 A A cos(@, 1+ Bt )

m=1

xeos{ @t + B, + ¢.,...)>
‘A

- ¥

I

reos( B, B )0

1

A, '
5 oS 28, B+ Byt 2000 )

’ /IHPIAj)H
= X e By B)e = 120N,

o1

(19)

The cross power spectral density function S,,0@)
has the properties that its real and imaginary parts are
even and odd, respectively; thus, the corresponding
amplitude function A, (@) is even, and the phase angle

function 3, (&) is odd. Hence, the above time average
for discrete harmonic @, can be expressed as

A
M ci(.ﬂ.mﬂ,m>]

<u.-n(z)u,,,,(r)>—Re[ .

M. M-

%Hfm(ian)Hjtﬂ(imﬂ')]‘
1

n=1,2..... N (20)

where Re denotes real part, H,(i,)=4,,(8,)X
e @0 and the superscript * means complex con-
jugate.

The above time average at frequency @, over the
band width A& can also be expressed in terms of the
spectral density functions in the form

(up(1hu,, (1))
=5,4i%,) 8z = $(3,)| v, (i@,) +v.,(-i5,)] 2
= Re[25 (3,)7,(i@,)] dw=Re[25,,(i5,)] du,
n=1,2,.., N (21)

Since matrix S{@) given by eq. (16) is Hermitian and
positive definite, it can always be decomposed into the
multiplication of a complex lower tnangular matrix
L(i@,) and its Hermitian L"(i@,) [24], as shown by

S(B)y=L(ia)L"(i3)S5,(w), (22)
where
Hilw) 0 0
l_(]a): IZI(“‘T)) !22(6) cen O (23)
[rﬂ(ia’) !nl(ja) lnn(a)
and where /, (i=1,2,...,n, j=12..., i} can be
cafculated by the Cholesky method [25],
[ 1,2
Liw)=|v.(8)— L L) (z)
k=1
=12, n (24)
p-
1,G@) = =
! L)
F=12.....0 (25)
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For the case { = /. the individual functions in §( ) can
be written as

/

ST =2854(&,) Y. L, (i8,)L5.(i&,) Aw,

m=1

n=1.2,....N. (26)

Equanng egs. (20) and (21), the {ollowing expressions
are obtained

A &)= 48, (w) dw [/, (ia)]. 08 <BN:
m(1, (i)
Re[/,(im)] |

B (@) =1an !

(27)

Making use of eqs. (17) and (27). a set of spatially
correlated time series w {r) (r=1,2,..., n) can be gen-
erated, and the corresponding ground motions a,(¢)
(i=1,2,...,n) can be obtained by muluplying each
time series by a proper shape function {{/). By this
procedure, one first generates a time serntes for site 1,
then for site 2 by summing up wave contributions that
are properly correlated with the first one. Simlarly, the
generated time series for stte 3 will be correlated with
those previcusly generated for both sites 1 and 2, etc.
The first time series can be either a synthetic motion or
a real motion provided it is compatible with the pre-
seribed spectral density matrix S,(@).

4.2 CGround morion generation in the frequency doman

Ciround motions ¢an be generated more casily i the
frequency domain than in the time domain by using ¢q.
(17). To proceed with this new approach. express the
Fourier transform of w,(¢) in the form

Uiz, )= 2 B (@008 a,(8,)+isina,,(o,}]
1

o]

n— 1.2, N, {28)

where #,,0(0,) 1s the amplitude at frequency @,,. and
a,,{w,) 15 the corresponding phase angle. By transfor-
ming, ¢q. (17} into the frequency domain, it can he
shown that

B (e,)=4,(8,)/2.

(29)

Then. using egs. 429) and (27). Ufiw,) as expressed in
eq. (28) becomes fully known; thus, the corresponding

time series (1) ¢an be obtained by inverse transfor-
ming U, (i, ) back into the time domain.

4.3. Response spectrum compatihle time sertes

It 1 common practice in engineering Lo specify the
design earthquake ground motions through the standard
response spectrum, say S {w, £) which denotes the
pseudo velocity response spectrum for the single depree
of freedom system having a natural frequency w and a
damping ratio £. In this case, it is necessary to adjust
the generated ground acceleration time-history a,(f) so
that it 1s compatible with the prescribed response spec-
trum S.(w. £). If A,(iw) is the Founer transform of
a4 r). the first adjustment can be made by multiplying
A (i@) by the ratio S,(w =@, £)/5,(w =4, £). where
S.(w. &) is the actual response spectrum for a (1), and
then inverse Fourier transforming the product back to
the time domain to get an adjusted accelerogram &,(/1).
This adjustment procedure can be repeated as necessary
te make the final resulting accelerogram spectrum com-
patible t¢ the degree required. The number of adjust-
ments required increases with the damping ratio &
however for the commonly used ratio £ = 0.05, only two
or three adjustments are needed. Note that in this
adjustment procedure, only the Fourier amplitudes of
a {¢) are changed. i.¢. therr phase angles remain un-
changed. Because the phase angles remain unchanged,
the correlation coefficient between a,(7) and a ) will
be the same as between 4,(r) and 4 ,(1). Also the
coherency function will not change with this adjustment
if no smoothing operation is appiied when computing
the coherency. If smoothing is applied some change will
he found depending on the smoothing window length.
In one example. 1twoe tume series were generated and

" adjusted to be compatible with the same response spec-

trum. [t was found that the coherency, which was
computed with a smoothing window of bandwidth (.22
Hez, remaincd nearly the same showing a good match
with the specified model.

4.4, Quasi-stutionary power spectral density function

Earthquake records. such as those obtained at the
SMART-1 array. show a tendency for non-stationarity
m both the time and frequency domains. In recognition
of these tendencies, the non-stationary in the time do-
main can be ¢asily modelled by multiplying each sta-
tionary accelerogram by an appropriate shape function.
To represent quasi-stationarity in the frequency do-
main, the total duration of ground motion is divided
into separate segments of stationary motion having
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Fig. 12, Example of generated ground motiens for several sites located along a straight line; (a, top) acceleration, (b, bottom)
displacement.
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different power spectral density representations. In order
to render continuity at the beginning and end of each
segment, an overlapping of time windows 1s used along
with a specified transitional weighting funciion.

5. Applications

Two examples were chosen to test the algorithm
developed. The first one deals with the generation of
stationary ground motions for several sites along a
straight line. The second example deals with the genera-
tion of guasi-stationary ground motons for a 2-D net-
work of stations.

5.4 Example No. |

Spateally correlated ground motton time series were
generated for four locations spaced at 100 m intervals
(d =0; 100; 200; 300 m) along the direction of wave
propagation. In this example, the Kanai-Tajimi power
spectral density function with £, = 0.6 and w, = 2.5 He,
» 1. (13 the Harichandran and Vanmarcke coherency
function, eq. (10}, with 4 =0.736, a=0.147, and »n,,,
= 2.5 km/s; and the commonly used Jennings shape
funcuion of the form

j(.v/f”)2 for OD=r=1,,
(1) =

1 for 1,=r=1,,

lcxp[—(].]ii(r—f,,)] for 1, =1

n

(30}

with 7, =2 s and r, =10 s were used. After generation

of the four time series, the Newmark and Hall {26]

design response spectrum normalized to 0.5g  peak

ground acceleration for a damping ratic £ = 0.05 was
chosen as the specifted response spectrum.

The four generated ground motion time serigs are
shown in figs. 124 and 12b, respectively for acceleration
and displacement. Fig. 13 presents the cross correlation
caefficient for motions at stations 1-2. 2-3 and 1-4; Tig.
14 presents the corresponding coherency function: fig.
15 presents the power spectral density funcuon: and fig.
16 presents the actual response spectra where they can
be compared with the prescribed Newmark and Hall
spectrum. Based on these results, certain observations
can be made as follows:

(1} The bhasie features of wave propagation are ob-
served in the four time series. Cross correlations of
the acceleration traces show peak values in agree-
ment with the spuecified apparent velocity. The peak

cross correlation function of the genercted
ground mo(tion acceleration
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Fig. 13 Cross correlation function of the generated ground
motion.

values of cross correlation coefficient obtained were
0.6 at 100 m, 061 at 200 m. and 038 at 300 m.
Displacement traces. show very high correlated
shapes. a5 expected.

(2) The power spectral density functions match well the
specified Kanai-Tajimi spectral density function.
The apparent discrepancies with high values as ob-
served in fig. 15 for = 300 m in the lower frequency
portion of the spectrum, may be attributed to cer-
tain random features of the process. For other time
series generated, these discrepancics did not repeat.
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cbaolute value of coherency function of the
ganerated ground motions
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Fig. 14. Coherency function of the generated ground motion. Comparison with model.
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responae spectral compatible of the
generated ground motions
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Fig. 17, Example of generated ground motion for a two-dimensional network of stations.
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{3) The coherency functions also are in good ag. ement
with the specified Harichandran and Vanmarcke
coherency model as can be seen in fig. 14.

3.2, Example No. 2

In example No. 2, ground motions were generated
for stations located in a 2-D site. Four time series were
generated at the four corners of a 50 m square site. The
results obtained by processing the SMART-1 data for
event No. 45 were used. The four time series of 40 s
duration and 4t = 0.02 s, fig. 17, exhibit characteristics
similar to the time series recorded at the SMART-1
array for event No. 45 (section 3). The {ollowing func-
tions were used in generating the acceleration time
histories: i
(1) The coherency function suggested by the present
authors as given by eq. (12) with the parameters of
table 2 was used. The apparent velocity was as-
sumed, for simplicity, as being constant and equal
10 b, = 3.5 km/s, and the waves were assumed to
be propagating in the positive x-direction.

Three power spectral density functions of the

Kanai-Tajimi form were used for three time windows

(1st window 0-5 s; 2nd window 4-32 s; 3rd window

31-40 s5). These spectral density functions had

parameters as given in tables 3 and 4 representing

the NS components recorded during event No. 45,

(4} The shape function given by eq. (14) with the

' parameters of table 5 representing the NS compo-
nents of event No. 45 was used.

An analysis of the four acceleration time series pre-
sented in fig. 17 shows the following:

(1} The basic features of propagation are observed in
the four time series. Computed cross correlations,
coherency and power spectral density functions are
in good agreement with the prescribed model de-
fined above.

(2} The overall features of the time series resemble
quite well those of the real time series. The vanabil-
ity of peak ground accelerations among the four
records (average value of 0.6g) is within the limits
of measured values {27].

(2

—

6. Concluding statements

A coherency model of nonisotropic form for compe-
nents of motion at multiple stations is developed herein
which is believed to have a general application. Further,
a simple numerical procedure is presented which allows
the generation of time series which are compatible with

this model and are also compatible with any specified
design response spectrum.
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Nomenclature
R, (7} correlation function,
5 (iw) cross spectral density function,

p.(7) correlation coefficient,

¥, (@) coherency function,

d{' separation distance projected in the
longitudinal direction of propagation,

d,T’ separation distance projected in the

' transverse direction of propagation,

apparent velocity,

F frequency-wave number spectrum,

f frequency in Hz,

w

k

k

iy

"
]

=3

frequency in rad/s,
wave number of the x-direction,
¢ wave number ih the y-direction,

Spl@) power spectral density function,

w,, &, Kanai-Tajimi parameters values,

r . scaling factor,

o, @, 3. B, coherency parameters values,

() shape function,

S.(w, &) pseudo-velocity response spectrum for
frequency « and damping ratio §.
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3-D VISUALIZATION OF EARTHQUAKE WAVE PROPAGATION
ACROSS SMART-1 ARRAY

Carlos S. Oliveiral,M.EERI and Anthony J.H. Lomax2

The SMART-1 strong motion array provides an unique opportunity to
visualize wave propagation across 37 closely located surface stations.
In this paper we describe the capabilities of the graphics software tool
which produces a set of instantaneous images of the deformation of the

surface layer. Secondly, we ‘show how these images can be useful in

identifying some important features of global 2-D or 3-D patterns of
strong motion wave propagation. Finally, we stress the importance of
wave visualization as an educational toel.

CYielkTSs INTRODUCTION

The direct visual observation of earthquake wave propagation has
always been a curiosity of human kind. Sutface wundulations in the
landscape produced by incoming waves is among one of the common reported
accounts in early written reports descr%bing the effects of earthquake
motion.

The installation of arrays of instruments with common timing over
an area of certain dimensions_ allows, for the first time, the
possibility of reproducing the deformation of the Earth's surface caused
by earthquake ground motions. To do so we produce a set of images
(frames) showing the deformation of the entire array at each time step.
For easier viewing, thé recording stations in the array are
interconnected by straight lines in an adequate order. The stations and
lines move together giving an image of the motion of the array as waves
are coming in. The superposition of relative locations of the entire
array for a few time steps gives details of certain wave phases whereas
an animation of many individual frames produces the representation of
wave propagatien.

The adﬁantage of array displays over individual station displays is
that the array images produced permit cne,.at a single glance, to obtain
qualitative information and trends in the motien not just between
different stations but also between 2 or 3 components of ground motion.

1(CSO) Laboratorio Nacional de Engenharia Civil, Av Brasil, 1799
Lisboa Codex

2(AJHL) Seismographic Stations, University of California, Berkeley,
California 94720
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Figure 3. Reccrd-section of event #22 along the epicentral direction
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Figure 5. Individual frame images of displacement traces for event #22:
time intervals At=0.64 sec during 6.40 sec; views from 'over' the array
(elevation of 11,500m) and from the plane of the array - “azimuthal"
(distance from the center station of 9500m and azimuth of 459,
exaggeration 25,000 times for the "over" view and 50,000 times for the
"azimuthal" view. Only M+0 stations are represented. (The two straight
lines at 90° show the initial array position at the C-00 station)
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