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Preface

Four UCB/EERC Reports have been published previously, describing studies based on
earthquake recordings made by the large-scale array of digital accelerometers in Taiwan,
called SMART 1. The last such report was "Effects of Spatial Variation of Ground
Motions on Large Multiply-Supported Structures,” by Hong Hao (UCB/EERC-89/06).
Rather than consider structural responses, the present report uses the array recordings to
investigate several important properties of the seismic ground motions themselves. The
reader is referred to a summary of related research entitled, "SMART 1 Accelerograph
Array (1980-1987): A Review," by N. A. Abrahamson, B.A. Bolt, R.B. Darragh, J.
Penzien, Y. B. Tsai, published in Earthquake Spectra, 3, 263-287, 1987.

The results reported here by M. Niazi address the question of the variability of the peak
vertical and horizontal accelerations, velocities and displacements. Statistical treatment
of this variability is feasible when ground motions are recorded, as in SMART 1, at a
group of stations within a limited distance. The three rings of the SMART 1 array have
radii of 200 m, 1 km and 2 km. Since it became operational in September 1980, it has
recorded accelerations up to 0.33g and 0.34g on the horizontal and vertical components,
respectively. At present there are over 3,000 accelerograms from 53 local earthquakes
available. From this set of observations, Niazi has selected 12 earthquakes providing
more than 700 accelerograms for analysis and statistical treatment. His method is to use
nonlinear regression procedures to fit the peak values to an attenuation form which has
as parameters, earthquake magnitude and source-to-site distance. Only one previous
analysis of attenuation of peak ground accelerations and velocities using the SMART 1
array data has been published (Y. B. Tsai and B. A. Bolt, Bull. Inst. Ear. Sci., Academia
Sinica, 3, 105-126,(1983). In addition, however, the present report includes spectral

information on ground motion; correlations have been made between spectral ordinate
values at 23 discrete frequencies in the range of engineering interest.

Among the notable results is the finding that the ratio of the vertical to horizontal
response spectral ordinates is less than the often used value of 2/3 for periods longer
than about 0.2 second, and also for all frequencies at distances greater than 30 km from
the source. By contrast, this value is unconservative for high-frequency ground motion in
the very near field. Dr. Niazi compares the ground motion spectra for vertical and
horizontal motions from the SMART 1 recordings with the spectra defined in U.S.

i &



Nuclear Regulatory Guide 1.60. The comparison leads to some inferences concerning
deviations under certain conditions with these recommended spectra. Of particular
interest in this work, are the results for longer periods (greater than about 2 seconds).
The demand for design ground motions for large structures, such as large bridges,
requires that scaling factors be known at periods greater than 1 second. In this range,
representative ground motion spectra are not so well developed as those at the higher
frequencies normally used in evaluations of smaller critical structures such as nuclear
reactor containment vessels.

The basic research program based on the SMART 1 array in Taiwan has been supported
by National Science Foundation (U.S.) grants (CES-8800457) and significant grants by
the National Research Council (ROC) in Taiwan. Operation of the array, as well as
record processing has been the responsibility of the Institute for Earth Sciences, National
Research Council, Taipei, to whose seismologists much thanks is due.

B. A. Bolt
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1.0 INTRODUCTION

The behavior of strong-ground motion in the near-source region of earthquakes is
influenced by properties of the earthquake source, propagation path, and recording site.
This study was motivated by the unexpectedly high vertical ground motion recorded in
the near-source region of several recent earthquakes (including the 1976, Gazli, USSR;
1979 Coyote Lake and Imperial Valley, Ca.; and 1984 Morgan Hill, Ca.). In these
events, vertical accelerations significantly exceeded the accepted 2/3 scaling relative to
the horizontal component. Therefore, this study sought to examine the behavior of peak
vertical ground motion under the favorable conditions provided by the SMART 1 array,
where high quality digital data have been recorded for several large events by stations
with nearly uniform sub-surface conditions. The present study expands beyond the
original scope to encompass the entire response spectra, both vertical and horizontal.

A total of 12 events, more than 700 accelerograms, has been analyzed for investigating
the behavior of vertical and horizontal peak and spectral ground motion. Peak
horizontal and vertical ground acceleration (PGA), velocity (PGV), and displacement
(PGD), as well as spectral ordinates at 23 discrete frequencies in the range of
engineering interest have been subjected to nonlinear regression procedures in terms of
magnitude and hypocentral distance. Also the soil amplification of ground motion was
analyzed for two adjacent stations, one on rock and the other on soil, near the southern
edge of the array.

Some of the noteworthy observations made during this study are cited below.

This study confirms the conservatism of the Regulatory Guide 1.60 horizontal spectra,
except at high magnitudes between about 0.15 and 2.0 seconds. In this range, our near-
field spectra significantly exceed that recommended by the regulatory guide. For the
vertical component, our spectra exceed that of the regulatory guide in the high frequency
range, in the very nearfield. However, the regulatory guide appears very conservative
with respect to our results beyond about 0.25 second.

The 2/3 ratio of vertical to horizontal ground motion, commonly used in engineering

applications, is unconservative in the very near field for high frequency ground motion.
However, ratios of vertical to horizontal response spectral ordinates are less than 2/3 for



periods longer than about 0.20 second, and for all frequencies (and PGA) at distances
greater than 30-50 km. ‘

The 84th percentile horizontal estimate for V/A approaches the predictions of Hall et al.
(1976). However, their ratio for the vertical component exceeds our 84th percentile
estimate by nearly a factor of 2. Concerning the values of AD/V?, the findings for the
vertical component are slightly above and for the horizontal component substantially
below the recommended value of 6. These observations implicitly lead to different
shapes for the horizontal and vertical response spectra.

The observed dispersion of the data decreases as magnitude increases for all ground
motion parameters. Therefore, the standard error of the regression can be modelled as
magnitude dependent, reducing the uncertainty associated with predicted amplitudes of
large magnitude events. Also when factors such as geology, structure type and azimuth
do not vary, the major contributor to the uncertainty is the variation of ground-motion
observations between earthquakes (inter-event uncertainty).

This study finds nearly total magnitude saturation for the vertical and horizontal high
frequency spectral ordinates. A greater degree of saturation for the vertical component
of PGA than for the horizontal was also observed.

For all peak parameters and over all frequencies, a recording station located on soil
shows significant amplification of ground motion with respect to an adjacent station
located on rock. However, this amplification varied significantly by component and, as
expected, by frequency content of the parameter studied.

In comparison with other studies discussed in this report, the predictions show

lower far-field attenuation for PGA and PGV
lower near-source amplitudes of PGA

higher magnitude saturation for vertical PGA
lower magnitude saturation for horizontal PGA
higher magnitude scaling for PGA.

The author recommends applying the methodology described in this report to an
enhanced, worldwide data base in order to reduce some of the uncertainties associated



with this analysis and to extend the validity of these results to other regions. It is
especially important to constrain the results concerning magnitude saturation, since this
significantly affects predicted amplitudes for large magnitude events on the upper
boundary of the data used here.

Additional data, for several recent earthquakes which occurred since 1987 are now
available. A study of the extended data set in parallel with geological and seismological
studies of source geometries should be extremely useful in further reduction of the
uncertainties. - Such studies would allow utilization of the shortest distance to the rupture
surface as an independent variable of regression analysis.
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2.0 DATA BASE
2.1 SMART-1 ARRAY

This study examined accelerograms recorded in the near-source region of moderate-to-
large earthquakes across the SMART-1 array in northeast Taiwan (Figure 2-1). The
array consists of three rings with twelve equally spaced stations in each ring (see Figure
2-2). The array’s outer radius is 2 km, while the middle ring and inner ring’s radii are 1
km and 200 meters, respectively. In addition, there are two adjacent stations E,; and E,
to the south of the outer ring, one located on soil and the other on rock (Figure 2-1).
These two stations are used in the analysis of soil amplification effects (Section 3.9).

The array is situated on the Lan-Yang Plain, near the city of Lotung, in northeastern
Taiwan. On the basis of a 1973 seismic survey by the Chinese Petroleum Corporation,
the array is located on top of approximately 450 meters of post-Miocene sedimentary
sections. According to Wen and Yeh (1984), the P-wave velocity is in the range of 3.3
to 4.0 km/sec for the Miocene basement complex, 1.8-2.0 km/sec for the overlying
Pleistocene, and 1.4-1.7 km/sec for the recent alluvium. The thickness of the topsoil
ranges between 3 and 18 meters under the array, with a P-wave velocity of 0.43-0.70
km/sec. Detailed descriptions of the geology and instrumentation are provided by Bolt et
al. (1982) and Abrahamson (1985).

Several factors influencing the amplitudes and characteristics of strong-ground motion
have been largely eliminated by the choice of this data set:

n Subsurface geology over these stations is fairly homogeneous with about
400 meters of Pleistocene to recent sediments overlying basement rock
which slopes gently to the north-northeast at about 6 degrees (Wen and
Yeh, 1984).

| | Variations due to structural interface and embedment have been
minimized since these are all free field instruments mounted on four inch
thick concrete base mats, approximately two by three feet across.

| For a specific earthquake, differences due to propagation path have been
minimized by the proximity of the recording stations.



|| In parts of the study, the effects of distance within individual earthquakes
are further reduced by restricting the analysis to the inner ring of the array.

The quality of data is greatly enhanced by the employment of matched instruments and
digital recordings. The instruments are SA-3000 triaxial accelerometers, having a natural
frequency of approximately 80 Hertz (Abrahamson, 1985). The array’s DR-100 digital
event recorders have a resolution of 1 cm/sec’ (1 count = 0.96 gal).

2.2  DATA SELECTION

By 1987, 48 earthquakes were recorded by two or more stations across the array. Twelve
of these events are used in this study. Earthquakes were selected to cover a broad range
of magnitude, distance and azimuth at the same time ensuring thorough coverage at the
array. The selected events met the following criteria:

| At least 25 stations recorded the event.

| The focal depth was less than 30 kilometers (all but one was less than 15
kilometers).

| Hypocentral distance was less than 50 kilometers, except for two large
events selected beyond 50 kilometers in order to constrain the slope of the
attenuation relationship with respect to distance.

| A wide range of magnitude and azimuth was represented.

The resultant data set contains earthquakes with an azimuthal distribution between 60
and 230 degrees. Thus no earthquakes were recorded from the west or north.

The data base includes the twelve station inner ring and the central station, although
recordings exist for most of the 37 stations in the array. For the attenuation analyses,
stations from the outer rings along the line of azimuth of the individual events are
included. This provides additional spread with distance for a given event.



The 12 earthquakes and the recordings selected represent a total of 721 time-histories
(239 vertical and 482 horizontal) with a sampling interval of 0.01 second. The selected
events are listed in Table 2-1, together with the number of recording stations utilized
from each event. The distribution of these data by magnitude and distance is graphically
displayed in Figure 2-3. Locations of recording stations are given in Table 2-2.

Assuming an average record length of 15 seconds, these accelerograms represent 1.1
million acceleration data points. After baseline and instrument correction, the
accelerograms are integrated to obtain velocity and displacement time-histories, Fourier
amplitude, and response spectra. Thus the processed data base represents approximately
4 million data points.

2.3 DEFINITION OF PARAMETERS

The parameters used to describe the data are defined below:

Peak Acceleration

The PGA value is taken from the corrected record. The 0.01 second digital interval
provides an accurate representation of the peak arrival. The recording resolution of the
system is approximately one gal (1 cm/sec?).

PGV/PGD/Spectral Amplitudes

Peak Ground Velocity (PGV), Peak Ground Displacement (PGD), and Fourier
amplitude and phase spectra are computed in the frequency domain employing the
approach used by Sunder (1981), as described in Section 2.4. Response spectra are
computed at 23 discrete frequencies, using numerical integration.



Event

14
15
20
22
29
31
33
36
39
43
45

Year

1981
1981
1981
1982
1983
1984
1985
1985
1985
1986
1986
1986

Date

Jan 29
Aug 30
Oct 5
Dec 17
May 10
Apr 23
Mar 9
Jun 12
Sep 20
Jan 16
Jul 30
Nov 14

Table 2-1

List of Earthquake Sources Used in this Study

N.Lat.

deg

2443
2446
24.66
24.38
24.46
24.79
24.76
24.57
24.53
24.76
24.63
23.99

E.Long.

deg

121.90
121.75
121.74
122.87
121.51
122.09
122.23
122.19
122.20
121.96
121.79
121.83

Depthn M  Dist. to Cent.

km

11.1
0.2
3.6

273
1.2
8.7
4.1
33
6.1

102
1.6

139

6.3
5.0
3.6
6.4
6.4
6.0
59
6.5
6.3
6.5
6.2
7.8

* Based on teleseismically determined fault plane solutions

km

30.20
23.15
3.10
119.73
35.39
35.13
48.24
4498
46.57
22.19
5.71
77.09

Source
Type(*)

Reverse

Oblig.R
Normal

Oblig.N
Normal
Normal
Normal
Reverse

No. Obs.
(Compnts.)

30
51

45
60
57
60
60
66
81
66
81
66
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Figure 2.3 - Scattergram of observations in terms
of magnitude and distance.



Table 2-2 - SMART 1 Array Recording Station Locations

Station

€00
101
102
103
104

105
106
107
108
109

110
I
112
MO1
M02

MO3
MO4
MO5
MO6
MO7

M08
M09
M10
M11
M12

001
002
003
004
005

006
007
008
009
010

o1
012
EO1
E02

East Longitude

121
121
121
121
121

121
121
121
121
121

121
121
121
121
121

121
121
121
121
121

121
121
121
121
121

121
121
121
121
121

121
121
121
121
121

121
121
121
121

.45.52.98
.45.54.10
.45.57.72
.45.59.88
.46.00.16

.45.58.32
.45.54.55
.45.51.10
.45.48.60
.45.45.97

.45.46.00
.45.48.16
.45.50.91
.46.00.05
46.17.94

.46.24.33
.46.28.09
.46.19.29
.46.03.72
.45.43.36

.45.30.10
.45.18.69
.45.20.53
.45.26.78
.45.42.92

.46.07.24
.46.41.25
.47.02.39
.47.02.24
46,47 .44

46.14.91
.45.39.03
.45.06.47
b4 44 .52
.44.43.58

.45.01.99
.45.32.03
.65.52.00
.45.39.61

North Latitude

24.
24.
24.
24,
24.

24.
24.
24.
24.
24.

24.
24.
24.
24.
24.

24.
24.
24.
24.
24.

24.
24.
24.
24.
24.

24,
24.
24.
24.
24,

24.
24,
24.
24.
24.

24.
24.
24,
24.

40.25.52
40.31.72
40.30.10
40.27.61
40.24.08

40.21.14
40.19.40
40.19.23
40.20.91
40.23.47

40.26.75
40.29.46
40.31.79
40.57.11
40.53.05

40.36.69
40.18.20
40.05.63
39.54.45
39.53.46

40.01.34
40.13.38
40.30.10
40.47.60
40.57.28

41.30.08
41.13.63
40.44.93
40.13.12
39.43.76

39.23.34
39.21.76
39.33.94
40.03.05
40.40.25

41.08.43
41.27.52
38.55.42
37.49.69

10

Elevation (m)

6.10
5.90
5.50
6.10
6.10

6.30
6.60
6.30
6.20
7.00

7.00
6.80
6.40
5.50
4.40

4.00
4.50
3.90
4.30
5.20

7.40
10.80
7.60
7.10
5.90

5.30
4.90
3.40
2.40
3.80

4.80
7.20
18.10
9.60
13.40

9.10
6.50
5.17
9.72



Source-to-Station Distance

Hypocentral distance is taken to represent source-to-station distance. Focal depth and
epicentral location are obtained from the regional network operated by the Institute of
Earth Sciences, Taipei (Wen and Yeh, 1988).

There is inadequate information available to clearly define or compute closest distance
to the rupture zone, as defined by Boore et al. (1981) and Campbell (1981). While there
may be strong physical justification for such a distance definition, it requires exact
knowledge of the multi-parametered source geometry, seldom known with sufficient
certainty. Hypocentral distance is chosen over epicentral distance as a more meaningful
representation of source-to-site distance.

Magnitude

Magnitude is defined as local magnitude (M;) for magnitudes less than 6.6 and Surface
Magnitude (M) for M, 6.6 or above. This data base is not sensitive to the specific cut-
off magnitude, since, for all values of M| that are used in the analysis, the reported value
of M is less than M;. Also, as shown in Table 2-1, M, is used for all events except for
the November 14, 1986 earthquake of M, 7.8.

Focal Mechanism

Of the earthquakes selected, four displayed a normal mechanism, two reverse, one
reverse-oblique, and one normal-oblique (see Table 2-1). Since, focal mechanisms are
not known for four events a scaling variable could not be used to decrease scatter.
However, in Section 3.8 the possible correlations between the mean event residuals and
source type are discussed.

Geology/Structure Type/Instrument Location/Instrument Type

These parameters do not vary across the recording stations and, therefore, are not
included in the data set for the SMART-1 array. The geology for all stations used in the
analysis is nearly identical. However, two neighboring stations (of different geologies)
to the south of the array are utilized in the study of soil amplification (Section 3.9).

11



24  DATA PROCESSING

Data processing, including base line correction, filtering and integration, is performed
using the approach described by Sunder (1981). The following input parameters are
used for the analysis of individual accelerograms:

| Sample interval = 0.01 second
| Natural frequency of transducers = 50 Hertz
|| Damping ratio of transducers = 0.8

| Corner frequencies of the trapezoidal band-passed filter = 0.07 Hz, 0.10
Hz, 25.0 Hz, and 30.6 Hz.

For each acceleration time-history, processed records consist of baseline and instrument
corrected accelerograms in cm/sec?, particle velocity in cm/sec, and displacement in
centimeters. In addition, Fourier amplitude and phase spectra of the resulting time
histories are calculated.

When integrating to obtain velocity and displacement time histories, there are a limited
number of cases where the integration does not come to a reasonable convergence. For
example, in many of these cases, the peak velocity or displacement value occurred near
the end of the time history. This may be due either to long-period noise that is not
filtered out or to compounding error in the integration. Therefore, these records are
excluded from the analysis of PGV (if the peak velocity is in question) and from the
analysis of PGD. Thus, while 234 stations are utilized for the analysis of vertical PGA,
224 and 190 are used for the PGV and PGD analyses, respectively.
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2.5 UNIFORMITY ACROSS THE ARRAY

The closely-spaced strong motion recordings of the SMART 1 array provide an unusual
opportunity to observe the variation of recordings over short distances for essentially
identical site conditions and travel paths. Some of the figures from the Phase I Final
Report (Niazi, 1986) are reproduced here, providing a visual indication of the variation
of the records across the inner ring of the array. A detailed discussion is contained in
that report.

As an example, Figure 2-4 presents the vertical accelerograms from the inner ring
stations for the magnitude 6.4, May 10, 1983 earthquake (event number 22), 35.4 km
from the center of the array. The time-histories are reproduced on a common time base,
at the calculated epicentral distances. The peak accelerations are noted by the hollow
circles, and the shaded band indicates the expected onset of the S-Phase. This
comparison demonstrates similarities in the duration of strong-ground motion and the
succession of energy packets across the array. However, there are substantial differences
in the times of peak accelerations, with 7 of the 12 arriving prior to the expected onset
of the S-Phase.

For the same earthquake, the discrete Fourier transforms of these acceleration time-
histories are spatially displayed for the inner ring and central stations in Figure 2-5. The
arrow represents the direction of the approach of the seismic waves from the preferred

epicenter. These Fourier spectra show the energy content of the records generally
concentrated in the frequency bands of 0.4-1.0 and 4-10 Hz, with the intervening band
showing a relatively low energy content. Nevertheless, there can be significant variations
in amplitude for a given frequency band over very short distances (e.g., stations I-09 and
I-11).

The frequency content of the records is further explored in Figure 2-6, with a composite
plot of the response spectra at 5% critical damping for the inner ring stations. The two
bold lines represent the mean and plus one standard deviation value for these spectra.
While there is variation of amplitude between stations, the shape of the spectra is
strikingly uniform across the array. Also, the dispersion of the response spectra in
general is tighter than that of the Fourier spectra.

13
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Figure 2.4 - Record section of the vertical accelerograms of May 10, 1983 earthquake
(Event 22, M6.4) across the inner-ring stations. The maximum recorded PGA for
each trace is marked by a hollow circle. The approximate time of the first arrival

is shown by the the fine straight line with a slope of 250 m/sec. The thick

shaded line corresponds to the approximate arrival band of the S phase.
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Figure 2.5 - The Fourier amplitude spectra of the observed acceleration
time histories of the record section shown in Figure 2.4, drawn to a
common scale. The arrow shows the direction of propagation.
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3.0 ANALYSIS

3.1 NONLINEAR MODELLING OF GROUND-MOTION PARAMETERS

This study utilized the nonlinear attenuation equation of the form suggested by Campbell
(1981)

In(Y) = a +bM + dIn[R + ¢,e (1)

where Y is Peak Ground Acceleration (PGA), Peak Ground Velocity (PGV), Peak
Ground Displacement (PGD), or spectral amplitude, i.e., Pseudo Spectral Velocity
(PSV). M is earthquake magnitude and R represents hypocentral distance in kilometers.

This functional form is selected because it is capable of modelling magnitude and
distance saturation effects whenever supported by the data. The coefficient a scales the
amplitude of ground motion at zero magnitude and distance. The coefficient b scales
ground-motion amplitudes with magnitude. The coefficient d controls the attenuation
rate of ground-motion amplitudes with distance at large distances. The C-term (cleCZ'M)
allows magnitude scaling to be a function of distance in the near field. By setting ¢,=0,
equation (1) takes a less general or linear form which scales magnitude uniformly with
distance. This latter form has been used in a number of ground-motion studies in recent
years (Joyner and Boore, 1981; Donovan, 1982; and Campbell,1989).

Regression is performed using the nonlinear, multiple regression procedure of the SAS
statistical software package (SAS, 1985).

In applying the regression procedure, the data is weighted by assigning an equal weight
to recordings from each earthquake within each of ten distance bins. For verticai PGA,
Table 3-1 gives the span of these bins and the number of recordings therein. Thus the
earthquakes with a smaller number of recordings are not overwhelmed by those with a
larger coverage. Also, this procedure gives additional weight to events recorded over
multiple distance bins.

17



Table 3.1 - Distribution of vertical PGA within distance bins

Hypocentral Range of  No. of Recordings No. of Earthquakes

Distance Bins (km) in each Bin )

R< 25 0 0
25<R< 50 15 2
50<R< 75 24 2
75<R < 100 2 1
100<R < 14.1 0 0
141 <R < 20.0 0 0
200<R < 283 38 1
283 <R < 40.0 47 3
400 <R < 56.6 68 3
56.6 <R < 130.0 40 2

* An earthquake can have recordings in more than one distance bin.

Table 3.2 - Results of Regression Analysis on Peak Vertical
Ground-Motion Parameters

Ground-Motion a b cy Ca d o] DMS  No. of Obs.
Parameter % ™
PGA (g) -6.063 1150 0040 0768 -1.219 0.553 81 234
PGV (cm/sec) -3963 1368 0117 0701 -1.099 0546 56 224
PGD (cm) 4088 1.152 0269 0.658 -0977 0.632 56 190

* The one rock site is excluded.

Table 3.3 - Results of Regression Analysis on Peak Horizontal
Ground-Motion Parameters across Inner Ring

Ground-Motion a b cq Cy d o DMS No. of OBs.
Parameter % ™
PGA(g) -6.625 1.164 0011 0902 -1.704 0.529 83 132
PGV(cm/sec) 4501 1363 0062 0719 -0958 0.544 51 127
PGD(cm ) -4339 1223 0240 0.680 -1.020 0.668 57 104

* Regression performed on all earthquakes in data base, however, only stations of the inner ring
and central station were included in the analysis.

18



3.2 PEAK VALUES OF THE VERTICAL COMPONENT
3.2.1 Regression Results

Regression on the full data set discussed in Section 2 (less the one station located on
rock) results in the relationships given in Table 3-2, where parameters of equation (1)
are given for the vertical component of PGA, PGV, and PGD.

In Table 3-2, o refers to the standard deviation on In(Y). Assuming a log-normal
distribution, this value can be used to obtain the value of parameter Y corresponding to
different probability levels. Specifically, In(Y) at 84.1% probability (one sigma) may be
obtained by multiplying the predicted median value by e.

DMS in Table 3-2 refers to the Degree of Magnitude Saturation, defined by Campbell
(1981) as

DMS = (-,d/b)*100  (2)

where the coefficients on the right side of the equation are determined by the regression
analysis for equation (1).

DMS characterizes the saturation of the ground-motion parameter with magnitude,
expressed as a percentage, in the near-source region. If DMS is 0% (no saturation), the
In(Y) scales uniformly with magnitude at all distances (i.e., the shape of the attenuation
curve is independent of magnitude). If DMS is greater than zero, there is less scaling
with magnitude as distance decreases. In the case of full saturation (DMS=100%) there
is no scaling with magnitude at R=0 (i.e., Y is independent of magnitude at the
hypocenter). Plots of In(Y) as a function of distance and magnitude would show the
lines converging as distance decreases.

Figures 3-1 to 3-3 plot the observed and predicted values of the peak values as a
function of distance. The solid lines represent the median predictions for M = 5.5, 6.5
and 7.5, while the dashed lines represent the plus and minus one standard deviation
curves. The individual data points are superimposed on the curves, demonstrating their
distribution with respect to amplitude and distance. One can also see the spread in
amplitudes for individual earthquakes (note that the center of the data has overlapping
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events). Although the data points are coded by their magnitude band, the data are not
normalized to a given magnitude and therefore do not display their variation from the
predicted values.

The first noticeable characteristic of these plots is the relative convergence of the curves
at short distances, representing a notable saturation of amplitude with magnitude at short
distances. This is consistent with the values of DMS given in Table 3-2. Also the
flattening of the curve with decreasing distance indicates saturation of amplitude with
decreasing distance. In Table 3-2 this corresponds to a non-zero ¢, parameter.

The one standard deviation values, represented by the dotted and dashed lines, are
modelled as constant with magnitude and distance. Therefore, the dotted lines are
parallel to the respective median values (solid lines). In Figure 3-1, the increase in PGA
in the far field for one standard deviation is comparable to that resulting from an
additional half a unit of magnitude. However, since amplitude scales less with
magnitude in the near field and the uncertainty does not (it is modelled to be constant),
the increase in the near field is comparable to a whole degree of magnitude. This
feature is seen to a lesser extent for PGV and PGD.

The results are also presented as a function of magnitude in Figures 3-4 to 3-6. The
median predictions at distances of 3, 10, 30, and 50 kilometers are represented by the
solid lines while the median plus one standard deviation values are represented by the
dashed lines. A noticeable characteristic is that as magnitude increases there is less
scaling with distance, since the lines pinch together at higher magnitudes. Thus, for a
given magnitude, amplitudes increase more gradually as distance decreases and
magnitude increases.

The relative scaling with distance is also apparent in Figures 3-4 to 3-6. The greater the
spread between lines the greater the scaling of amplitude with changes in distance. Note
that the spread decreases from PGA to PGV to PGD. This is expected, since the higher
frequency PGA should attenuate faster (greater scaling with distance) than the lower
frequency PGV and PGD.

20



* A[pA1)0adsad ‘uoljelAap plepur)s auo snjd pu® sNUIW MOYs sdaysep Suo]
pUE 1JOYS ‘S3JRUII)Sd UBIPAUI MOYS §IAIND PI[OF "SIpnjludeul 904Yg ye saAlnd
uolpENUIIE Pajoipald pur AN J [BI3I2A PIAIISCO 3Y) JO AB[I2AQ - 3'¢ 24n31g

*A[oa1303dsal ‘uorjeiaap paepues)s auo snjd pue snunu moys soysep Suo[
pU® }10Ys ‘53)BUII)S9 UBIPOUI MOYS §IAIND PI[OG *SIpNJIUSRUT 531} B SPAIND
UOI1ENUIIYE Pa3dipadd pue Y5 d [BO13494 PIAISEQO Y} JO AB[I0AQ -~ T°¢ In3i g

(M)

Azxv‘Pwaﬁg<mﬁzwwoa>z

. 0l ] oL _
IR A S L | N S I | A N A N 1 mee Ll _ L _ L _ TO_
NSOL o T :
0'L>N=0'9 o r L
0'9>NS0G v | -
;/; O.mvz . ﬁ . H
S G=N = WSO o :
e . 0'L>Ws0'9 o E
So=m N, 0'9>W=0'G » -
I U / OG>\ L )
S9=W L P! ~ N v i >
g < So9=p O\ R -
| Ny D
S o ~\ N . 1// . S W
SL=N - . //m,/ N w 54 - o =
L W - N / //q// . /
. o > R
- ,/{,// N e . 99
C N NN o i /
C ~— N g/_u,,,,m/n/ r YA
=0l /W SUTITONT e, 2 N
. N /munv/x./,,/,.// Uuu,m,_//mu 2 Ol ~—
~ L . _ >al% o %
- g ml T A
U - =, 0l

LININOJWOD TTVOILY3A

.H%E 4<mkzww®a>1

AININOJNOD IWDLLY3A

el
o



- A[@anjoadsad ‘uoijeiAsp plepur)s auo snjd pue snujwl moys saysep 3uo|

PUE 7JOYS ‘60)BWII)Ed UBIPIUI MOYS SIAIND PIOg ‘sIpN}{UTewl 321Y3 I€ 541N

uorjenUIlIR pajoipaid pur (IO J [BI1}I9A PRAIISqO 3Y) JO AR[IaAQ - £°¢ 24ndyy
*opnjiudew Jo uoljdUN] B SB §30Ue)SIP [Bajuadod Ay payideds Inoj 1o}
saniqeqold 95 1°¥8 PUR %506 18 VO [¥213194 PajdIpald - §°¢ andiyg

JANLINOVYI () 1510 TVELINIO0dAH

00’8 00°L 009 00'¢ 00t 0L |
PR O VA 00 TG U N T A T W W O U VU0 W U AT U W00 O OO0 B A TO_‘ Ll ) Ll . il 11 ) w-Or
wy 005=y [ A
wy 00¢=¥ i QL>W=0"9 ° i
w3 0 0L=d - o.wv_z.vom v L
wy  0'¢=Y s = 0G>N = I
oL -
By -
[ auw F._ 0l
L U
a P L O
3 O O
c O L
W ~ TN
L9 L2
” X - <
- ¥* . ~
- N
—z O~~~
= 0l S E oy

(#v8 ® %0G) IvOILY3IA ININOJNOD TWOILYIA

22



. ‘apn}USEW JO UOIIOUNJ B 58 590UBISIP [eIjuadodLy payideds anoj Jof
SPnyuBTE JO UolouN] ¥ ST Sa0uTISIP [e1yusdod Ly payroads tnoy oy saIqeqoad 95 T'F8 PUT 2408 3% ADJ [E21319A PRYIIPaL - §'¢ dInBL
salIqeqoId 94T $8 PU® 2509 18 OJ [E21349A pogoIpal] - g-g 94nSiy

AAALINOVIN AANLINOVIN

008 00, 009 00'S 00y 008 ..., 098 008 0T
N‘
w : = i
w0 0e=y w00 L=y ”
uwy Qo= - = o1
-, 0l I
O :
I OJ £l
- A~ -
r @) 1
C W ﬁ
= ol
- L
: L o1

(%78 % %0S) WOlLdIA Ol (#v8 % %0G) IvOILY3IA

23

(S/WD) ADd



3.2.2 Discussion

Sensitivity to the Effect of Outer Stations

As discussed in Section 2.2, the data base includes the twelve station inner ring and the
central station plus selected outer stations along the line of azimuth of the individual
event. This provided a greater spread with distance for each earthquake. In order to
evaluate the sensitivity of the results to the addition of these outer stations, regressions
were conducted on the peak values using only the inner ring and central stations. The
regression results are presented in Table 3-3 for vertical PGA, PGV, and PGD.

A comparison of Table 3-2 with Table 3-3, shows that the uncertainty is relatively
unaffected by removing stations which are further away from each other. The
uncertainty decreased by about 4% for PGA, stayed the same for PGV, and increased by
about 6% for PGD. This is significant since these outer stations represent about 45% of
the data base. Thus, it appears that the scatter of observations at adjacent locations (the
inner ring has a radius of 200 meters) is as large as for stations placed farther apart (the
outer ring has a radius of two kilometers) when other factors such as geology, structure
type, and azimuth do not vary.

Comparing DMS for the two data sets shows that neither the magnitude saturation effect
nor the magnitude scaling term b is affected by removing the outer stations. However,
the distance parameter d decreased by about 12% for PGA with lesser changes for the
other peak values. This indicates that the addition of the outer stations enhances the
control of the far-field attenuation by increasing the spread of data with respect to
distance for the individual earthquakes.

Comparison with Other Studies

Previous discussions of peak vertical ground motion have seldom gone beyond PGA
(Donovan, 1982; Campbell, 1982; Abrahamson and Litehiser, 1989), and none have
considered digital high quality data from a dense array with similar subsurface
conditions. For horizontal PGA, a partial analysis of the SMART-1 data is reported by
Tsai and Bolt (1983) and Loh (1984). These authors studied only four of the
earthquakes and performed no direct regression on PGV and PGD. This study is
therefore unique in this respect.



The model derived by Campbell (1982) for peak vertical acceleration (in g) is given
below in terms of the log of acceleration in

In(Y) = -2.91 + .784M - 1.43 In(R+3.33¢'®M)

The model derived by Donovan (1982) expressed in a form similar to equation (1) is
given below for peak vertical acceleration in g:

In(Y) = -3.27 + 0.76M; - 1.27 In[(R*+7.0%)%]

When comparing the results of this study for peak vertical acceleration with those of
Campbell and Donovan, it should be noted that there are differences in the definitions
of distance used in these studies. This study defines R as hypocentral distance, while
Campbell and Donovan employ alternate measures of significant distance. Campbell
defines R as shortest distance to the fault rupture surface, while Donovan uses shortest
distance to the surface projection of the fault plane.

With respect to magnitude, Donovan uses M;, Campbell uses M; for M<6.0 and M; for
M=26.0, while this study uses M; for M<6.6 and M, for M26.6. Abrahamson and
Litehiser adopted Campbell’s definitions. Another notable difference is that those
studies are based on worldwide near-field data whereas the present study is based on
records from a single region.

The predicted values for peak vertical acceleration, for magnitudes 5.5, 6.5, and 7.5, are
compared with those of Campbell (1982) and Donovan (1982) in Figure 3-7. The first
notable difference is that this study displays slightly less peak amplitude close to the
source. This is the opposite of what would be expected, since hypocentral distance
models the recording (with a given amplitude) farther from the source, and therefore
should predict larger amplitudes for a given distance. The second difference is that this
model equation (1) displays greater saturation of ground-motion amplitudes with
magnitude. Although this partially explains the lower amplitudes seen close to the
source, it is also unexpected that the hypocentral modelling of distance should produce
greater magnitude saturation than a significant distance model (see Section 3.7).
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This study also displays lower attenuation with distance than that of either Campbell or
Donovan. This is demonstrated by the lower value for the distance parameter d and by
the flatter slopes of the attenuation curves in Figure 3-7. This difference is rather
surprising, since the reported crustal absorption rates (Q) for the Taiwan region (Chang
and Yeh, 1983) are comparable to those of the western U.S. (Singh, 1981), at least in the
1 to 2 Hz frequency range.

Finally the present results show larger scaling with magnitude at hypocentral distances
greater than about 30 kilometers. This is seen in the relative spread between curves in
Figure 3-7 and by the relative size of the b term in the equations. However, the greater
saturation of ground motion with magnitude significantly decreases the scaling with
magnitude, in the near field.

The model derived by Abrahamson and Litehiser (1989) expressed as the natural log of
peak vertical acceleration in g is given below for recordings on soil:

In (Y) = -2.65 + 0.564M - 1.096 In(R +e®*™M) + 0.22F

where F is a scaling variable for fault type. This scaling variable adjusts the ground-
motion amplitudes linearly with distance and magnitude and therefore does not affect
the shape of the model.

Figure 3-8 compares the predictions from the present study with those of Abrahamson
and Litehiser. Although at the center of the data, about magnitude 6.5, the predicted
values are very similar, the Abrahamson and Litehiser equation is less sensitive to
magnitude. This is evidenced by the widening differences with increasing and decreasing
magnitude, in Figure 3-8,and by their smaller coefficient of b. The models scale similarly
with distance in the far field (coefficient d), while that of the present study still shows
greater magnitude saturation. |
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3.3 PEAK VALUES OF THE HORIZONTAL COMPONENT
3.3.1 Results

Regression on the full data set described in Section 2 (less the one station located on
rock) resulted in the relationships given in Table 3-4. Results are given for the
horizontal component of PGA, PGV, and PGD.

Note that two sets of analyses are included for the horizontal component: (1) Peak
values recorded by individual horizontal components are treated as individual
observations, and (2) the average of the two horizontal components for each record is
considered a single observation. Comparing the equations for cases (1) and (2), we note
that the two are almost identical. Plots of the results for PGA, PGV and PGD (Figure
3-9) also show no significant difference between the predicted values. However, when
the two horizontal components are averaged in case (2), the standard deviation is
reduced since the variation in amplitudes between the two components has been
removed. Review of Table 3-4 indicates that the uncertainty is decreased by 7%, 6%,
and 13% for PGA, PGV, and PGD, respectively. All further discussion is based on the
mean of the horizontal components (i.e. case (2) in Table 3-4).

Figures 3-10 to 3-12 plot these predictions as a function of distance for magnitudes 5.5,
6.5 and 7.5. The plus and minus one standard deviation values are given by the dashed
lines.

Results for the average horizontal peak values are also displayed as a function of
magnitude in Figures 3-13 to 3-15. They display similar characteristics to the
corresponding plots for the vertical component, see Section 3.2.1. However, the
prediction curves for PGD demonstrate a greater degree of magnitude saturation than
those for PGV or PGA, the opposite of what is seen for the vertical component (also,
compare Tables 3-3 and 3-4).
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Table 3.4 - Results of Regression Analysis on Peak Horizontal

Ground-Motion Parameters Across the Entire Array

Ground-Motion
Parameter

Case 1 -
Individual
components,

PGA(g)
PGV (cm/sec)
PGD( cm )

Case 2 -
Mean of the
two components,

PGA(g)
PGV (cm/sec)
PGD( cm )

a

-5.610
-4.216
-4.952

-5.502
-4.164
-4.468

b

0.951
1.575
1.644

0934
1.576
1.589

Cy

0.349
0.235
0.114

0411
0.210
0.133

C2

0.478
0.487
0.676

0.452
0.510
0.660

29

d

-0.818
-1.089
-1.387

-0.814
-1.097
-1411

(o

0497
0.569
0.805

0462
0.537
0.790

DMS
%

41

57

39
36
59

No. of Obs.

474
468
424

236
232
189
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332 Discussion

Comparison with Vertical Component

An interesting trend is observed with respect to far-field attenuation, represented by the
coefficient d.

Horizontal PGA exhibits lower attenuation (d=-0.81) than does the vertical component
(d=-1.22), which has a higher frequency content than the horizontal. This is expected,
since it is thought that higher frequency energy is absorbed faster than the lower
frequencies.

A similar trend is observed when comparing different peak parameters of the vertical
component. The coefficient d decreases from PGA to PGV to PGD, indicating
decreasing attenuation with decreasing frequency. Again, this would normally be
expected, since the higher frequency PGA should attenuate faster than PGV and PGD,
associated with decreasing predominant frequencies. This trend is graphically displayed
in Figures 3-4 to 3-6. The greater the spread between lines the greater the scaling of
amplitude with distance. Note that the spread decreases from PGA to PGV to PGD.

However, an opposite trend is observed when comparing Figures 3-13 to 3-15 for the
horizontal component. The spread between the predicted values increases from PGA to
PGV to PGD, indicating that the longer period PGD attenuates more rapidly than the
higher frequency PGA. This is also seen in Table 3-4, since the coefficient d increases
from PGA to PGV to PGD. This is rather unexpected, since, for a constant Q,
attenuation should decrease with decreasing frequency (as seen by the regression results
reported by McGuire, 1977; Cornell et al., 1979; Hasegawa et al., 1981; Nuttli and
Hermann, 1984). It is interesting, however, to note that a trend similar to the one
observed for the far-field coefficient of attenuation for horizontal PGA has also been
reported by Boore et al. (1980) for small earthquakes (M5.0-5.7) at close-in distances(5-
30 km). At this time, there is no definite explanation for this phenomenon. However,
this effect could be due to either

| different behavior of Q, and Q, with respect to frequency, or
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| coupling between high frequency Lg and other forms of seismic energy.
Since the propagation of Lg is geologically controlled, this effect would
then be region specific.

This unexpected unexpected trend, observed for the horizontal component, is also seen
in the values of DMS. Vertical PGA show 81% saturation decreasing to 56% for PGV
and PGD, while horizontal PGA and PGV shows only 39% and 36% saturation
increasing to 59% for PGD. These are also opposing trends with respect to frequency,
since magnitude saturation is thought to be a function of frequency content (see Section
3.7 for further discussion).

Comparison with Other Studies - PGA

Results for horizontal PGA (Table 3-4) are compared with those of Campbell (1981) and
Joyner and Boore (1981). The model derived by Campbell is given below for the natural
log of PGA in g:

In(PGA) = 1.016 + 0.868M -1.09 In(R +0.0606¢"™)

The model derived by Joyner and Boore is in a different functional form, as given below
for the log of PGA in g:

log(PGA) = -1.02 + 0.249M - log r - 0.00255r
where r = (d* + 7.3%)*
where d is distance.

When comparing the results of this study for peak horizontal acceleration with those
given above, it should be noted that there are differences in the definitions of distance
used in these studies. Campbell defines R as shortest distance to the fault rupture
surface, while Joyner and Boore use shortest distance (d) to the surface projection of the
rupture. This study, on the other hand, defines R as hypocentral distance. With respect
to magnitude, Campbell uses M; for M<6.0 and M for M>6.0, while this study uses M;
for M<6.6 and M, for M26.6. Joyner and Boore use moment magnitude. Another
notable difference is that the earlier studies are based on worldwide near-field data,
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whereas the present study is based on records from a single region. Finally, while this
study and that of Campbell regress on the mean of the horizontal components, Joyner
and Boore report on the maximum horizontal. The maximum horizontal may be
approximated by increasing the median prediction by 13% (Campbell, 1981).

The predicted values for peak horizontal acceleration, for magnitudes 5.5, 6.5, and 7.5,
are compared to those of Campbell (1981) and Joyner and Boore (1981) in Figure 3-16.
As with vertical PGA, a notable difference is that this study displays slightly lower peak
amplitudes close to the source. This is the opposite of what would be expected, since
hypocentral distance models the recording (with a given amplitude) further from the
source, and therefore should predict larger amplitudes for a given distance.

Another difference is that this study displays significantly less far-field attenuation than
the other studies. This can be seen by the more gradual slope of the predicted values
with increasing distance (Figure 3-16). Also, Campbell’s coefficient for d (far-field slope)
is -1.09 while in this study is only -0.814. The coefficient d on equation (1) cannot be
compared with that of Joyner and Boore, since they effectively set the far-field
coefficient of attenuation to one and let their distance term fit the far-field slope. (Note
that in Joyner and Boore (1981), the coefficient d represents shortest distance and not
far-field attenuation coefficient).

Finally the plots show that Joyner and Boore found no saturation with magnitude, while
Campbell found higher saturation than the present study. (88% vs. 39%, as seen in Table

3-4 and Campbell, 1981).

Comparison with other studies - PGV

Campbell (1984) and Joyner and Boore (1981) report the following equations for the
attenuation of horizontal Peak Ground Velocity (PGV) in cm/sec.

Campbell’s equation is given in terms of the natural log of PGV for the mean of the
horizontal components:

In (PGV) = -0.798 + 1.02M - 1.26 In (R +0.0150e*52M)
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Figure 3.16 - Comparison of the predicted mean horizontal PGA for this study
(solid curves), and those of Campbell (1981) and Joyner and Boore(1981).
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The model derived by Joyner and Boore (1981) is in a different functional form, as given
below. For the maximum horizontal component:

log (PGV) = -0.67 + 0.489M - log r - 0.00256r
where r = (d?+4.0%)"

The same differences exist between the studies with respect to definition of distance and
magnitudes (see discussion of PGA, Section 3.2.2). Again, as for PGA, this study shows
less attenuation with distance in the farfield. Also, while Joyner and Boore found no
saturation with magnitude and this study found only 36%, Campbell found that PGV
saturated 100% with magnitude. Finally comparison of the magnitude scaling coefficient
(b) indicates that this study shows greater scaling (b=1.58) with magnitude than that
found by Campbell (b=1.02). Converting the Joyner and Boore coefficient from log,, to
natural log, their relationship shows b, = 2.303 * 0.489 = 1.126; greater than Campbell
to value but less than that of this study.

34  RESPONSE SPECTRA

Response spectra at 5% damping are calculated for the full data set at the following
periods:

Tisee) = 0.03, 0,04, 0.05, 0.075, 0.10, 0.111, 0.15, 0.20, 0.286, 0.30, 0.40, 0.50,
0.60, 0.70, 0.80, 1.0, 1.5, 2.0, 3.0, 4.0, 5.0, 7.0, and 10.0.

The attenuation characteristics of the spectra are analyzed making use of the same
functional form (Campbell, 1981) that was applied to the analysis of peak ground-motion
values. Thus,

In(PSV) = a + bM + d In[R + ¢,e  (3)

where PSV is Pseudo Relative Velocity in cm/sec.

Regression analysis is performed for each spectral ordinate. As with the analysis of peak
values, the one rock station in the data base is excluded from the analysis in order to
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preserve the condition of similar site geology. The same weighting procedure is also
applied. In this way, attenuation relationships are developed for both the vertical and
the average horizontal value at each spectral ordinate. Regression results are presented
for the vertical component in Table 3-5 and for the mean horizontal component in Table
3-6.

Note that the magnitude saturation parameter c, is equal to zero in the mid frequency
range. For a few periods this parameter is constrained to be zero, as noted by the
asterisk in the tables. This is done primarily to eliminate physically meaningless results
at these periods (DMS > 100) where amplitude would decrease with increasing
magnitude at zero distance. Also, these periods bordered the frequency range where the
calculated value of ¢, is zero (DMS = 0; no magnitude saturation) and one of them had
DMS near zero. The uncertainty is not affected by constraining ¢, to zero, as seen in the
tables (the unconstrained cases are given at the bottom of the tables). This indicates
that the constrained regression fits the data equally well. The results of these
constrained cases are used in subsequent discussions of the spectral results.

Using these attenuation relationships, response spectra at 5% critical damping are
plotted for magnitudes 5.0, 6.0, and 7.0 for the median predicted values of both the
vertical and mean horizontal components (Figures 3-17 to 3-22). These spectra are given
for source-to-site distances of 3, 10, 30 and 50 kilometers. Plots of the vertical median

plus one standard deviation spectra are displayed in Figures 3-23 to 3-25.

Predicted values for response spectral ordinates at 5% damping are presented in an
alternate format in Figures 3-26 to 3-33. For selected periods, predicted values of PSV
are plotted versus magnitude for distances equal to 3, 10, 30, and 50 kilometers. The
convergence of the lines with increasing magnitudes indicates saturation of PSV with
magnitude. The further apart the lines, the more PSV scales with distance. These
figures will be referred to in subsequent discussion.
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Table 3.5 - Results of Regression Analysis on Pseudo Relative
Velocity (PSV), Vertical Components *

Period a b cy Ca d c DMS
(sec.) %

0.03 4106 1.144 0.046 0769 -1294 0.546 87
0.04 -2.835 1.074 0.052 0.753 -1.395 0.552 98
0.05 -2.148 1.054 0.050 0.752 -1.438 0562 102
0075 -2955 1232 0.0309 0.805 -1.339 0.568 88
0.10 -3.598 1339  0.017 0878 -1.223 0.582 80
0.111 4072 1405 0.0015 1256 -1.166 0.614 104
0.150 4398 1474 0.0013 1.346 -1.085 0.609 99
0.20 -3.732 1319 5408 0" -0968 0.614 0
0286 -4463 1425 6.276 0 -0958 0.617 0
0.30 4842 1449 5.188 0 -0908 0.622 0
0.40 -6.504 1.629 0.00009 1673 -0.783 0510 80
0.50 -7234 1.890 0.00053 1545 -1.004 0559 82
0.60 6487 1645 0.0769 0.686 -0.858 0.591 36
0.70 -6.585 1.696 0.0832 0727 0904 0553 39
0.80 -6923 1749 0.0512 0759 -0897 0.547 39
1.00 -6497 1701  0.049 0.755 -0946 0.616 42
1.50 -6.171  1.800 0.0633 0825 -1.117 0.716 51
2.00 -5920 1.722 0.114 0.751 -1.085 0.709 47
3.00 -5281 1733 0245 0.679 -1.326 0.703 52
4.00 4151 1.537 0436 0.647 -1.299 0.678 55
5.00 -3574 1318 0.358 0674 -1.105 0.726 57
7.00 -3.181 1.006 0.281 0669 -0.788 0.693 52
10.00 -3461 1.013 0342 0.661 -0.858 0.632 56

* Regressions were performed on all earthquakes in the data base for all stations except the rock site
(N=234).

** This value is assigned. The calculated value of 0.000004, resulted in an unacceptable value of
124% for DMS. Also note that at two other periods (0.05 and 0.111 sec), saturation is slightly
exceeded.
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Table 3.6 - Results of Regression Analysis on Pseudo Relative
Velocity (PSV), Horizontal Components *

Period a b cq Ca d c DMS
(sec.) %

0.03 -3.833 0939 0.188 0596 -0.843 0455 53
0.04 -2.887 0910 0.122 0710 -0.940 0451 73
0.05 -2.162 0922 0.145 0729 -1.050 0444 83
0.075 -2092 0.883 0.072 0.767 -0.878 0.468 76

*
*

0.10 -1.747 0699  0.609 0 -0.582  0.505 0
0.111 -1401 0701  2.724 0 -0.615 0510 0
0.15 -0.116 0.836 18.495 0 -0.955 0.504 0
0.20 -1285 1.035 15444 0 -0.902 0.537 0
0286 2614 1290  9.181 0 -0.941  0.508 0
0.30 2865 1346  8.284 0 0.965 0.517 0
0.40 3756 1523 7225 0 0975 0462 0
0.50 4297 1620 71.712 0 -0.984 0.523 0
0.60 5203 1719 5227 0 -0.946  0.543 0
0.70 25653 1800  4.779 0 0.961 0.533 0
0.80 -5.825 1881  5.125 0 -1.051 0.581 0
1.00 6435 2033 290 0 -1.183  0.597 0
1.50 27352 2124 0.016 0753 -1.176 0.662 42

2.00 -6.928 2.067 0.025 0.748 -1.240 0.678 45
3.00 -6.950 2.201 0.070 0733 -1450 0.775 48
4.00 -5.825 2.057 0.142 0.690 -1.559 0.713 52
5.00 4520 1.788 0.180 0.683 -1.485 0.652 57
7.00 -4.049 1.551 0.161 0.685 -1.306 0.669 57
10.00 -4.859 1.621 0.155 0691 -1339 0.664 57

Original
Cases
with ¢,
Uncons-
trained

0.10 -2226 0871 0.00024 1583 -0.713 0503 130
0.111 -1475  0.727 1.355 0.143  -0.636 0.511 13

* Regressions were performed on all earthquakes in the data base for all stations except the rock site
(N=236).

** This value is assigned. Note the unconstrained ¢, results listed at the bottom.
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34.1 Limitations in the Data
Our discussion of the analysis of response spectral ordinates must be tempered by
limitations inherent in the data with respect to long-period noise and distribution of the

data with respect to magnitude. These are discussed below.

Effect of Long-Period Noise

In processing the data, the low cut-off frequency of the band-pass filter is set at ten
seconds to reduce the effect of long-period noise. If the filter is applied at shorter
periods (e.g., one second), the information on spectral ordinates beyond that frequency
would effectively be lost. However, there may be considerable information available in
that frequency range. The limitations with respect to long-period noise below are
discussed further. '

In Figure 3-22, which displays horizontal spectra for magnitude 7.0, there appears to be
minimal long-period noise. However, the spectra for magnitudes 6.0 and 5.0,
respectively, show increasing flatness or drift beyond the one second ordinate. This is
probably associated with increasing noise, as magnitude and the signal-to-noise ratio
decreases. Indeed, there is minimal low frequency energy generated by magnitudes as
low as 5.0.

The vertical spectra show the same trend with decreasing magnitude. The vertical
spectra for magnitude 7.0 shows the possible influence of noise beginning at the three
second ordinate (Figure 3-19).

Distribution of the Data with respect to Magnitude

Since the bulk of the data is in the magnitude 6.0 to 7.0 range, the results for magnitude
6.0 and 7.0 are well constrained. However, despite the high quality digital data and
uniform recording conditions, there is insufficient data below magnitude six for obtaining
well constrained results at magnitude 5.0.
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3.4.2 Results of Response Spectra Analysis
This section discusses three elements of the analysis of spectral ordinates.
Far-Field Attenuation

In Table 3-5, the far-field coefficient d tends to diminish as frequency increases. This is
graphically displayed in Figures 3-17 to 3-19 by the convergence of the vertical response
- spectra at long periods. As discussed in Section 3.3.2, this is expected, since scaling with
distance should decrease with decreasing frequency. However, the horizontal component
displays the same counter-intuitive trend that was seen with the peak values. In Table
3-6, the far-field coefficient d tends to increase with decreasing frequency, indicating a
larger scaling with distance as frequency decreases. This is graphically displayed in
Figures 3-20 to 3-23, where the response spectra diverge at long periods.

Magnitude Scaling

Scaling with magnitude is represented by the coefficient b in equation (1). Since b
represents scaling of the natural log of the ground-motion parameter, an increase of 1 in
the value of b will increase the scaling of the ground-motion parameter by 2.7 times
(e'°=2.7). For example, b=2.033 for the one second horizontal spectral ordinate, and
b=0.871 for the 0.1 second ordinate. Since 2.033 - 0.871 = 1.162, PSV for the one
second ordinate scales 3.16 times as much for each unit increase in magnitude than does
PSV for the 0.1 second ordinate (e*'¢=3.20).

The values of b are given in Tables 3-5 and 3-6 and plotted with respect to period in
Figure 3-34. For the horizontal component, the values of b are nearly constant at
periods below 0.1 second and increase almost monotonically as period increases from 0.1
to 3 seconds. This trend is also observed by Joyner and Boore (1982) from 0.1 to 2
seconds. To a lesser extent, the vertical component displays the same trend.

This increase of magnitude scaling with increasing wavelength is intuitively appealing,
since longer period energy is produced by larger portions of the source. For example,
high frequency PGA is thought to be generated by small segments of the rupture zone
(Hanks and Johnson, 1976). Thus, as more of the source is seen by the wave being
studied, the larger the scaling should be relative to the size of the source.
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The reverse trend is seen as b decreases beyond the three second ordinate. This is also
observed by Joyner and Boore (1982).

Figure 3-34 also displays the values for coefficient b for the peak parameters, at the
frequency bands believed to best represent them. Horizontal PGA scales comparably
with PSV at the 0.1 second period, while vertical PGA scales about 30% less than
vertical PSV at this period. For both components, PGV scales 40-50% less with
magnitude than PSV in the one to two second range. PGD scales comparably with PSV
in the six to ten second range.

Relative Attenuation at Different Frequencies

In order to explore how attenuation of PSV varies with frequency, three spectral
ordinates are selected at periods of 0.1, 0.7 and 1.5 seconds. For these periods, the ratio
of amplitude is computed at selected magnitudes for distances 0 to 50 km to the
amplitude at 10 km (PSV,M,R, T/PSV,M,10,T), thus the ratio is constrained to be one at
10 km. These normalized amplitudes are plotted in Figures 3-35 to 3-37 for magnitudes
5.0, 6.0 and 7.0.

These plots show that at distances less than about twenty kilometers the slope of the
curves for the higher frequency spectral ordinate is greater than that of the lower
frequencies. This indicates more rapid attenuation of high frequency motion at short
distances. However, beyond about twenty kilometers, the slope of the lines for the
three periods are roughly the same, indicating more or less uniform attenuation with
frequency. These curves can also be used to scale spectral information (for any distance
less than 50 kilometers) from available data elsewhere.
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3.5 RATIO OF VERTICAL TO HORIZONTAL GROUND MOTION

The ratios of the vertical component of ground motion to the average horizontal
component are presented in Figures 3-38 to 3-41. Figure 3-38 graphically displays the
ratio for PGA. Figures 3-39 to 3-41 presents results for both the median spectral
ordinates and peak values (PGA, PGV, and PGD) for magnitudes 5.0, 6.0 and 7.0 at
hypocentral distances of 3, 10, 30, and 50 kilometers.

This study found that the ratio of the vertical to horizontal component is sensitive to
frequency content, distance, and magnitude. Furthermore, the ratio significantly exceeds
2/3 (commonly used in engineering applications) in the nearfield of large earthquakes
and is much less than 2/3 in the farfield of those events. Specific observations are as
follows:

The limitations in the data, discussed in Section 3.4, also apply to this discussion.
Specifically, the predominance of long-period noise increases as the magnitude and
signal-to-noise ratio decreases. Therefore, the reliability of the ratios are diminished for

| magnitude 5.0 beyond one second

|| magnitude 6.0 beyond three seconds

| | magnitude 7.0 beyond five seconds

|| PGD at the lower end of the magnitude range.
PGA
Figure 3-38 plots the ratio of vertical to horizontal PGA against hypocentral distance for
magnitude 5.5 and 6.5. The ratio exceeds 2/3 at distances less than 25 km and exceeds
unity within 5 km. Also, at distances greater than 30-50 km, the ratio is less than 1/2.

These findings for the SMART 1 array are consistent with those of Campbell (1982) for
a worldwide data base.

Amplitude vs. Frequency



Figures 3-39 to 3-41 demonstrate that the ratio of vertical to horizontal ground motion is
much higher for PGA and high frequency spectral ordinates in the nearfield than it is in
the farfield or for low frequency ordinates. This trend is consistent with the fact that
the frequency content of the vertical component of ground motion is greater than that
for the horizontal (Housner, 1970). Since the near-field ground motion can be rich in
high frequency and higher frequencies attenuate more rapidly (Housner, 1970), the
predominantly low frequency energy of the horizontal component is left to control the
ground motion in the farfield.

Amplitude vs. Distance

The sensitivity of the ratio to distance changes with frequency. The ratios are larger for
both high frequency energy at short distances and low frequency energy at long distances.
For example, in Figures 3-39 to 3-41 the high frequency spectral ordinates (T<0.3
second) have significantly higher ratios at three kilometers than they do at 30 or 50
kilometers. Conversely, the lower frequency (T> 1.0 sec) spectral ordinates have slightly
higher ratios at 30 and 50 kilometers than at three or ten kilometers.

The predictions of peak ground-motion parameters are also consistent with those of
spectral ordinates for high frequency PGA; a ratio of 1.18 at three kilometers and a ratio
of 0.428 at 50 kilometers is predicted for a magnitude 6.0 . The converse is again
apparent for low frequency PGD with a ratio of 0.548 at 50 kilometers (M=6) and only
0.172 at three kilometers. The ratio of mid-period PGV is relatively stable with respect
to distance.

Sensitivity to Magnitude

As magnitude increases, the ratio in the high frequency range (f>10 Hz) also increases.
Indeed, at 14 Hz. and 3 kilometers, the predicted value of vertical PSV is 1.5 times that
of the horizontal value for a magnitude 5.0. This ratio increases to 2.0 for a magnitude
of 6.0 and to 2.35 for a magnitude of 7.0.
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These results indicate that, at distances less than ten kilometers, vertical ground motion
controls the high frequency excitation and that low frequency excitation is controlled by
the horizontal motion. The cross-over frequency lies between S and 10 Hz.

The ratio does not increase with magnitude for PGA, nor are the ratios as high as those
observed for the spectral ordinates above 10 Hz. This may indicate that PGA is
associated with a broader frequency band. The ratios for PGA correspond to those of
the spectral ordinates at about 5 to 7 Hz. Note that ratios for PGV are consistent with
those for the one second spectral ordinates.

Other observations with respect to the ratios will be discussed in subsequent sections.

3.6 COMPARISON TO REGULATORY GUIDE 1.60

U.S. Nuclear Regulatory Guide 1.60 (R.G. 1.60) has been used for almost two decades to
define the design spectra for critical structures in the United States. This section first
discusses the guidance of R.G. 1.60 and then compares it with the results of this study.

3.6.1 Regulatory Guide 1.60

R.G. 1.60 defines the shape of both the horizontal and vertical design spectra at 84.1
percent probability level. The 84th percentile value of horizontal PGA serves as the
anchorage point at 33 Hz. The 84th percentile value is recommended by Newmark,
Blume and Kapur (1973) and adopted by the regulatory guide because, "...it is considered
desirable to use the mean plus one standard deviation value, or the 84.1% probability
level, as the design spectrum probability level" (Newmark, Blume and Kapur, 1973). The
regulatory guide does not scale the vertical spectrum with respect to vertical PGA, but
anchors it to horizontal PGA at 33 Hz.

The regulatory guide does not specify a ratio of vertical to horizontal PGA. However,
Newmark, Blume and Kapur (1973) recommend the use of the 2/3 ratio. The regulatory
guide, however, does define the ratio of the vertical to horizontal response spectra to be
2/3 at frequencies below 2.5 Hz (0.4 sec) and unity above 3.5 Hz (0.286 sec), with the
ratio varying between those frequencies. The variation of the ratio with respect to
frequency is graphically displayed in Figure 3-42.
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The regulatory guide does not specify changes in the spectra (ur ratios) with respect to
magnitude or distance. However, the guide states that their recommended spectra do
not apply to sites "relatively close" to an earthquake epicenter. Thus, the results of this
study extend to the region for which the regulatory guide is silent, i.e., the very near-
source region. The following section presents a comparison between the results of this
study and the recommendations of the guide.

3.6.2 Comparison of Spectra

In order to compare the empirical results with the recommended design spectra of R.G.
1.60, the vertical and horizontal response spectra at 5% critical damping are compared
with the guide’s spectra in Figures 3-43 to 3-51. These figures display the 84th percentile
response spectra (comparable to the regulatory guide) at 3 and 50 kilometers for
magnitudes 5.0, 6.0, and 7.0.

Figures 3-43 to 3-48 plot the predicted horizontal and vertical spectra. The R.G. 1.60
vertical and horizontal spectral shape is then anchored to the zero period amplitude
(ZPA) of the horizontal spectra (at 84.1% probability). This allows an assessment of the
conservatism of R.G. 1.60 with respect to the spectra, since the guide recommends
anchoring both horizontal and vertical spectra to horizontal PGA. An additional set of
figures similar to 3-43 to 3-48 in which the R.G. 160 spectra are anchored to the zero
period median amplitude (i.e., at 50% probability) of horizontal spectra was also
constructed but not reproduced in this report. The high frequency exceedance discussed
herein is intensified in such figures.

In Figures 3-43 to 3-45, the horizontal spéctra are enveloped by the regulatory guide
except at high magnitudes between about 0.15 and 2.0 seconds. In this range, the near-
field spectra significantly exceed the regulatory guide. This result reflects the lack of
magnitude saturation found in this frequency range for the horizontal component (see
Section 3-7). While for this study the 3 km line is at the limit of the data, this same
trend is observed at 50 km, supporting the findings for the very nearfield.

Joyner and Boore (1982) also found the regulatory guide unconservative (for a

magnitude 7.5) in the very nearfield from 0.2 to 3.0 seconds and slightly unconservative
between 0.5 and 4.0 seconds at about 40 km.
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In Figures 3-46 to 3-48, the vertical spectra exceed that of the regulatory guide in the
high frequency range, in the very nearfield. However, the regulatory guide appears very
conservative with respect to this study beyond about 0.25 second. It is also conservative
at all frequencies for distances greater than about 50 kilometers.

In Figures 3-49 to 3-51, both spectra are anchored to vertical PGA, allowing a direct
comparison of spectral shape.

3.6.3 Comparison of Ratios

The ratios of vertical to horizontal PSV of the 84th percentile response spectral
ordinates were computed for comparison with the regulatory guide. Figures 3-52 to 3-54
display ratios of the 84th percentile response spectra and 84th percentile peak values for
magnitudes 5.0, 6.0 and 7.0 at distances of 3, 10, 30, and 50 kilometers. The ratio
recommended by the regulatory guide is indicated by a dashed line.

This study predicts a ratio far exceeding that of the regulatory guide at periods below
about 0.2 second. The exceedance increases as magnitude increases and as distance
decreases. The ratios for 84th percentile PGA also exceed unity in the very nearfield.

This study also predicts ratios exceeding that of the regulatory guide at periods greater
than one second for a magnitude of 5.0. However, the results for such low magnitudes
are not well constrained by the data and are controlled by noise in the long-period
range. Furthermore, the lower magnitudes are not of interest for engineering
considerations.

One major conclusion is that the spectral ratios of the regulatory guide are conservative
at periods longer than about 0.20 second. This is especially noticeable for the larger
magnitude earthquakes, which are of primary engineering significance. Figure 3-54
shows spectral ratios for magnitude 7.0 roughly half that of the regulatory guide beyond
0.2 second.

The conservatism of the 2/3 ratio for PGA is also upheld for distances exceeding 30
kilometers. However, the 2/3 ratio appears unconservative in the very nearfield.
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3.7 MAGNITUDE SATURATION

Since very little near-field strong-motion data exist above magnitude 7.0, the functional
form of the ground-motion model must be relied on to extrapolate amplitudes for larger
magnitude events. In particular, the ¢, parameter, which models the saturation of ground
motion with increasing magnitude (Section 3.1), is important for predicting amplitudes
for sites in the nearfield of large earthquakes.

3.7.1 Theoretical Considerations

The primary physical justification for the phenomenon of magnitude saturation is that
high frequency energy is generated by smaller portions of the source than long-period
energy which requires large segments of rupture (Hanks and Johnson, 1976). Therefore,
ground-motion amplitudes controlled by high frequency energy should be less sensitive to
the size of the source. Also, it is thought that soils have upper limits for transmitting
high frequency shear motion (Mohammadioun and Pecker, 1984). Thus, as magnitude
increases, the amplitude of high frequency energy may reach those limits, or saturate.
Therefore, one would expect to find higher magnitude saturation closer to the source
where high frequency motion dominates and where peak parameters see smaller portions
of the source (Hanks and Johnson, 1976). Also, one would expect to find magnitude
saturation in predominantly high frequency ground-motion parameters.

3.7.2 Frequency Dependence

As discussed in previous sections, the Degree of Magnitude Saturation (DMS) is found
to vary by component and by ground-motion parameter. For example, this study finds a
greater degree of saturation for the vertical component of PGA than for the horizontal.
This is intuitively appealing, since vertical PGA is associated with higher frequency
energy than horizontal. Nevertheless, a study performed on worldwide data by Campbell
(1982) found only 20% saturation for vertical PGA, compared with 88% for the
horizontal component (Campbell, 1981).

Consistent with the above discussion the high frequency spectral ordinates show nearly
total magnitude saturation. This is displayed in Figure 3-55, where DMS is plotted over
the frequency range of this study for both the vertical and horizontal components.
However, this figure also displays a very interesting trend with respect to the saturation
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of PSV over frequency. At frequencies between 5 and 10 Hz, saturation disappears,
picking up again at about 0.4 and 1.5 seconds for the vertical and horizontal components,
respectively.

The first unexpected observation is that magnitude saturation persists for the low
frequency spectral ordinates, although DMS is only about 55%. One would expect to see
less saturation at low frequencies than for the mid-range frequency ordinates where
DMS fanges from 0-40%. Similarly, in Sections 3.2 and 3.3, we observed that vertical
PGA displayed higher magnitude saturation (81%) than PGV or PGD (56%), consistent
with the higher frequency content of PGA. However, the opposite trend was observed
with horizontal PGA showing 39% saturation, while PGV and PGD showed 36% and
59%, respectively. These observations may be the result of low frequency noise
distorting the results for low frequency energy (as frequency decreases, the signal-to-
noise ratio also decreases). Also, as discussed in Section 3.3.2, physical factors such as
coupling and dissimilar behavior of Q, and Qg may also play a role.

Another phenomenon displayed in Figure 3-55 is the erratic behavior of DMS at 3 to 5
Hz. Although PSV over-saturates at S Hz, DMS suddenly disappears at the next spectral
ordinate, with a sudden resurgence at 2.5 Hz. The horizontal component also shows the
sudden disappearance of magnitude saturation at about the same frequency, although it

does not return until about 1.5 seconds.

There is no apparent limitation in the data that would cause this result. However, this
phenomenon may be associated with geological peculiarities of the SMART 1 site. For
instance, Abrahamson (1985) found a breakdown of wave coherence at 4 Hz for
accelerograms recorded across the SMART-1 array. Not finding any simple physical
explanation for the coherence gap at 4 Hz, he suggested the possibility of a 4 Hz
resonance for the wave scatterers under the array.

3.7.3 Predominant Frequency of Peak Parameters

Figure 3-55 also displays DMS for the peak ground-motion parameters by shaded bands
in what may be the predominant frequency band of the parameter. DMS for vertical
PGA is consistent with DMS at about 33 Hz, while DMS for the spectral ordinates is
erratic in the 4 to 10 Hz range. Similarly, DMS for horizontal PGA compares well at 33
Hz but 1s not consistent with 0% for the 4 to 10 Hz spectral range.
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Magnitude Saturation (DMS) vs Frequency
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Figure 3.55 - Degree of Magnitude Saturation (DMS) as a function of frequency for
vertical and horizontal spectral ordinates (see Tables 3.5 and 3.6). The estimates
of DMS obtained from the regression analyses of peak ground observations
are also shown by the shaded bands in the period range corresponding to
PGA, PGV, and PGD.
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DMS for vertical PGV is consistent with the spectral values near the 1.0 second period,
but the horizontal component again shows no saturation near this period. The values for
PGD are consistent for both components with the low frequency end of the spectra,
although (as discussed above) results for DMS in the low frequency domain are not as
well constrained as at higher frequencies.

3.74 Comparison with other Studies

The values predicted for peak vertical acceleration, for magnitudes 5.5, 6.5, and 7.5, are
compared with those of Campbell (1982) and Donovan (1982) in Figure 3-7, Section 3.2.
As noted previously, the model displays greater saturation of ground-motion amplitudes
with magnitude. Also Figure 3-8 shows more saturation of PGA for the study than that
of Abrahamson and Litehiser (1989).

A possible explanation for these disparities may be the non-uniformity of tectonic
stresses associated with the worldwide data (used by these authors) combined with the
small number of large magnitude recordings close to the source (their studies as well as
this one). Thus some of those observations may be associated with high stress sources,
such as those recorded in the 1976 Gazli and the 1978 Tabas earthquakes.

Results for the horizontal component are more intuitively consistent. For horizontal
PGA, Campbell (1981) found more saturation than in this study: 88% vs. 39%. Also for
horizontal PGV, Campbell (1984) found 100% saturation, while this study found 36%.
Joyner and Boore (1981) found no magnitude saturation.
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3.8 UNCERTAINTY OF PREDICTED VALUES

Independent from the regression analyses, for each event, the median and normalized
standard deviation (coefficient of variation) is computed for vertical PGA, PGV, PGD,
and PSV at the stations of the inner ring. This procedure assumes a log-normal
distribution. This information is then used to explore the dependency of the coefficient
of variation on magnitude and distance. This also allows us to study the relative
contribution to the scatter of individual recordings and earthquakes.

3.8.1 Magnitude and Distance Dependency

The coefficient of variation for vertical PGA, PGV, and PGD is presented in Figures
3-56 to 3-58 as a function of magnitude. These plots display a negative trend with
increasing magnitude. Expressed statistically, the correlation coefficient with respect to
magnitude is calculated to be -0.617, -0.730, and -0.882 for vertical PGA, PGV, and
PGD, respectively (Table 3-7). Thus, as magnitude increases, the data displays
decreasing scatter.

In order to explore this trend for vertical spectral ordinates, we calculated the correlation
coefficient for all periods between 0.03 and 10 seconds (Table 3-7). The correlation
coefficient with respect to magnitude is found to be -0.472 (Figure 3-59), indicating a
decrease in the scatter with increasing magnitude. This is the same trend as found for
the peak parameters. The correlation coefficient with respect to distance is found to be
-0.248 (Figure 3-60). This also indicates decreasing scatter with increasing distance,
although the correlation for distance is not as robust as with magnitude.

These findings are consistent with those of Abrahamson (1988) who found the same
trend with respect to magnitude for horizontal PGA. Based on his observations,
Abrahamson suggested treating the standard error of PGA as magnitude dependent.
Since we find the same trend with PGV and PSV, his suggestion could also be expanded
to practically all ground-motion parameters.
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Table 3.7 - Correlation coefficients p_,, of coefficients of
variation of peak vertical ground-motion parameters and
vertical spectral ordinates against magnitude

Ground-Motion Period Peov

Parameter (sec)
PGA -0.637
PGV -0.730
PGD -0.882
PSV 0.03 -0.689
PSV 0.04 -0.724
PSV 0.05 -0.649
PSV 0.075 -0.584
PSV 0.10 -0.753
PSV 0.111 -0.657
PSV 0.15 -0.014
PSV 0.20 -0.005
PSV 0.286 -0.152
PSV 0.30 -0.169
PSV 0.40 -0.068
PSV 0.50 -0471
PSV 0.60 -0.795
PSV 0.70 -0.886
PSV 0.80 -0.914
PSV 1.00 -0.891
PSV 1.50 -0.853
PSV 2.00 -0.835
PSV 3.00 -0.905
PSV 4.00 -0.757
PSV 5.00 -0.782
PSV 7.00 -0.713
PSV 10.00 -0.643

PSV 0.04-10 -0472

74



00'8

*IpNYuBeu JUIAS “SA ADJ [#11434 J0J UOHEBLIEA JO JUIDYJRCD) - L§°C dandiy

JANLINOVIN

00'L 00’9 00'g 0¥ 00'¢ 0Q'¢
st pirsd ey b s brrv sy b g Lty 000
ﬁl
C
|
0£2°0—="4300 NOILVIINH0D u
* C
=010
. = O
- O
A
~ 020 -
* - N
* C >
r A
- 080 >
- —
- O
X r -
- 0v'0
x N
~ 060

ADd IWOILYE3IA

"IpmuSeu Juaad 'sa YOI [EINNI9A 0] UOHELIBA JO JUIIDYIIO)) - 95°C andiy

JANLINOVIN

008 00, 009 009 00'% 00'¢ 00¢

st e eberr eyt gyl fi g iy .
- 000

L£9°0—="4300 NOLVIIOO [

* -
C 010

X -
* - 020

.. m

r

* * C
©0c0

* C

* * C
—~ 0¥'0

* w

-
=~ 050

YOd WOILM3A

NOILLVIMVA "4300

75



00

apmyudeus JuAd “sA 238 @°1-p)°0 23ues powad Yy Uy (KJPOPA
[e1103dg 0pnasd) ASd 18211494 J0J UONBIIRA JO JUIDYJIOD) - 65°¢ N1y

JANLINOVIA

vt erer v beee g v v g b err v b gy

CL¥'0—="4300 NOILY134400
*

X
%

i
|

* K HHIOAEC A0k
* *

*x K R * X XK

LA L T T O O O R B

038 0L OL vO'0=L'ASd TvOILY3IA

Q0L 00’9 00'g 00 Q0'¢ 00'¢

00°C

0¢0

4300

Ov0

NOTLVIEVA

080

-apnyuiewr JusAd ‘sa (15 [B1)194 0§ UOHBLIEA J0 JUIDYJIO)) - 85°C NS

JANLINOVIN
00'8 00°L 00'9 00'G 00'v 00'¢ 00'¢
cragrgrrs b g ey bo sy adrrvereaea lyrraaaas 000
* i
¢88'0—="4300 NOILVIIJH0D s
*x C
- 020
ok -
* C
- 0v0
* C
i -
- 090
* L
* i
L 080

G9d IVIILE3A

4300

NOILVIVA

76



VARIATION
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Figure 3.60 - Coefficient of variation for vertical PSV (Pseudo Spectral
Velocity) in the period range 0.04-10.0 sec vs. hypocentral distance.
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3.8.2 Contribution to Scatter

In order to compare the scatter of observations for an individual event with the total
scatter, attention was focussed on the 200 in the inner ring. The standard deviation of
the regression of the form described in Section 3.1, performed, for instance, on the
vertical PGA was found to be oy,p5, =0.529. The corresponding coefficient of variation
is 0.568 (after Benjamin and Cornell, 1970, pp. 265-267). In comparison, the coefficient
of variation for individual events within the inner ring is found to be between 0.082 and
0.386, far less than the scatter for the whole regression. This comparison indicates that
the inter-event variations are significant contributors to the overall uncertainty.

To explore this effect further, the scatter was eliminated within individual events by
regressing on the mean vertical PGA value for each earthquake. The resulting standard
deviation for this regression is o;,ps =0.569, comparable to that of the regression on the
individual observations and still significantly higher than that of the individual events.
Therefore, the variation of the observed data (at the inner ring stations) within each
earthquake, the intra-event uncertainty, does not have a significant effect on the standard
error of the attenuation relationship. The major contributor to the uncertainty is the
variation of ground-motion observations between earthquakes, the inter-event
uncertainty. Inter-event uncertainty has been termed "modelling variability" by McGuire
and Stepp (1986), as distinct from intra-event variation which they termed "probablistic
variability" (randomness).

In the discussion below on Station Bias, we discuss the variation of observations from the
perspective of residual analysis is discussed.

3.8.3 Analysis of Residuals

Fault Type

Recent analyses, such as Campbell (1981), have concluded that earthquakes with a
reverse fault focal mechanism produce higher horizontal peak accelerations than normal
or strike slip events. Among the justifications given is the possibility of higher stress
drops associated with the reverse fault mechanism. This section reviews the distribution
of residuals for the inner ring of the SMART 1 array to determine if the amplitudes of
vertical PGA may be a function of fault mechanism.
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The residuals for the nonlinear regression procedure has a mean of zero. These
residuals are graphically displayed with respect to the natural log of the predicted values
in Figure 3-61, for both vertical PGA and PGV. For each earthquake the mean residual
of the observations within that event was computed. Table 3-8 presents the mean
residual (in Inpg,), its standard deviation, and the focal mechanism for each event.

In Table 3-8, the three earthquakes with reverse and reverse oblique mechanisms all
have positive residuals, indicating higher than predicted amplitudes. Three of the five
events with normal or normal-oblique mechanisms have negative residuals, one is at the
mean of the regression, and one has a very high residual of 1.149. The mean of the
residuals for this latter event (number 39) is two standard deviations (1.149/0.553) from
the mean of the regression. Also, the focal mechanism is not known for the remaining
four events. Because of the lack of information for these four events, it is difficult to
draw any conclusions with respect to the effect of fault type on the amplitude of vertical
PGA.

Station Bias

As discussed in Section 2, the SMART 1 array eliminates many of the site effects which
can influence the characteristics of recorded ground motion: subsurface geology is
relatively uniform; the instruments are identical; they are all mounted on identical
concrete mats; and variations in travel paths are reduced. Also, especially within the
inner ring, the close spacing of the stations should eliminate bias with respect to
focussing or radiation effects, since the stations would be uniformly placed with respect
to any earthquake sources.

The mean residual for each station of the inner ring and the central station is displayed
in Table 3-9 along with the standard deviation of these observations. The regression was
conducted on the full vertical PGA data set, described in Section 2, with only the
information on the inner ring and central station provided in the table. For this reason
the residuals for the stations listed in Table 3-9 do not have a mean of zero, like the full
regression. |
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Table 3.8 - Mean and standard deviation of regression residuals on In(PGA)
over the inner ring and central station per individual events

EVENT NO. MEAN RESIDUAL STAND. DEV. SOURCE TYPE

5 0.212 0.260 Reverse
14 -0470 0.343
15 0.092 0.354
20 0.751 0.177 Obliq.R
22 -0.335 0.196 Normal
29 -0.370 0.274
31 0.225 0.265
33 -0.224 0.362 Oblig.N
36 0.050 0.386 Normal
39 1.149 0.234 Normal
43 -0.118 0.250 Normal
45 0.168 0.090 Reverse

Table 3.9 - Mean and standard deviations of regression residuals on In(PGA)
over all 12 events per central and the inner ring stations

STATION MEAN RESIDUAL STAND. DEV.

C00 0.056 0.460
101 0.111 0.545
102 0.033 0.441
103 0.046 0.490
104 0.038 0.600
105 0.183 0498
106 0.098 0.458
107 -0.227 0.498
108 0.131 0.532
109 0.459 0472
110 -0.048 0.496
I11 0.213 0.607

112 0.151 0.606
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vs. predicted values. Note, in both regressions, residuals have zero mean.
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As expected for stations with such uniform site characteristics, the mean residuals are
relatively small compared with the standard deviation. This indicates that the variation
between stations is significantly less than the variation among earthquakes for each
station. Another way of looking at this is that the inter-event uncertainty contributes
more to the scatter than the variation in observations due to station bias.

Nevertheless, there are stations with mean residuals higher than others. Particularly, the
mean for station 109 is about one standard deviation higher than the mean of the
regression. Thus, almost 84% of the observations for this station fall above the predicted
values based on all the stations. It is interesting that, in Section 2.5, it was pointed out
that this station appeared to have a high energy content for event 22, in Figure 2-5.
Apparently this station also records higher amplitudes for other earthquakes. It was not
in the scope of this study to conduct site specific investigations to determine a possible
cause for this trend.

39 SOIL AMPLIFICATION

As described in Section 2.1, the SMART-1 array is located near the southern boundary
of the Lan-Yang Plain, underlain by recent alluvium. The central station is about 5 km
from the southern edge of the valley where basement rock, slate of Miocene age,
emerges to the surface. Here two stations, parts of an extended array, provide a unique
opportunity to study the amplification of the peak parameters and spectral amplitudes by
sedimentary overburden.

Station E2 is located on rock, whereas E1 is located nearly two kilometers to the north
of E2 on about 150 meters of sedimentary materials. Their locations with respect to the
rest of the array is shown in Figure 2-1. Because these stations were not operational
until 1984, recordings are available for only six of the earthquakes in the data base.

For each of the three components of the triaxial accelerograms, the ratio of peak and
spectral amplitudes recorded at the soil site to those at the rock site were computed.
This was done for each of the recordings from the six earthquakes, for each peak
parameter, and the 23 spectral ordinates considered in this study.
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Figures 3-62 to 3-64 present these ratios for the three corresponding components. Ratios
from the six events are indicated for each period studied. The solid line represents the
mean of the ratios through each period, while the dashed lines indicate the mean plus
and minus one standard deviation values. The horizontal solid line refers to a ratio of
unity.

The first noticeable feature of these plots is that the mean ratio is almost always above
unity, indicating that the soil site has higher spectral amplitudes than the rock site.
Furthermore, the minus one standard deviation line generally remains above one.

For the vertical component, the soil site has about 1.5 times the amplitude of the rock
site in the high frequency range, below 0.5 second. The ratio increases to nearly three in
the mid frequency range (0.5 to 2 seconds) and falls off to about unity for the long-
period ordinates. A study by Wen (1989) of nearby, down-hole rock and soil stations
also found the dominant amplification centered in this frequency range.

The shape of the spectral ratios with respect to frequency are similar for the two
horizontal components. They are relatively flat in the high frequency range, increase in
the mid-period range and then decrease at longer periods. However, the horizontal
ratios peak at about two seconds, while the maximum vertical ratio is at 0.8 second. The
north-south component has ratios of about 1.35 at high frequencies, increasing to about
three between 1 and 2 seconds, and decreasing to around 2.4 at longer periods. The
east-west component shows higher ratios, starting at about 2 at the high frequency end of
the spectrum, increasing to as high as 7 near two seconds, and falling off to 2 again at
longer periods.
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The mean ratios of soil to rock are given below for the peak parameters:

Soil/Rock (E1/E2)

Component PGA PGV PGD_
E-W 2.1 | 3.0 2.4
N-S 1.3 1.7 24
Vertical 1.5 1.3 1.2

These results are, in most instances, consistent with those of the spectra at the
comparable frequency range. Thus the peak parameters display the same general trends
with frequency as described in the discussion above.

For the east-west component, PGA at a ratio of 2.1 is similar to the ratio of 2.0 for the
high frequency range of PSV. The mid-frequency PGV increases to a ratio of three,
though not as high as the one second spectral ordinate at about 5.0. Finally, low
frequency PGD compares well at 2.4 with the low period spectral ordinates varying
between 2 and 3.

For the north-south component, PGA matches the high frequency spectral ordinates with
a ratio of 1.3. The ratio for PGV also increases in the mid-frequency range but not as
much as for PSV. The ratio for PGD increases to 2.4 which is comparable to the low
frequency ordinates.

The vertical component matches the high and low frequency spectral ordinates with the

ratios for PGA and PGD, respectively. However, the ratio for PGV is smaller than that
of PGA, whereas the ratio for the mid frequency ordinates are significantly higher than

for PGA.

The ratio for the vertical component showed remarkably little variation between the six
earthquakes, especially with respect to PGA. While the mean ratio for PGA is 1.5, the
standard variation is only 0.07.



*PUB( UOHEIAIP PJIBPLUE)S UO MOYS Sduy| PIysep pue uedw pajndwod asipuiod
SMOYS JAIND PIOS °SIJEuIpJo [8133dS (S-N)IEIUOZIIOY 10y 7 S ¥ood SurioqySou

34} 03 3apePa ('Y 240314) 19 218 18 uonedyydiue [10s PIAISIQ - £9°€ 2anLg

Gumv A0I¥3d

ol oL .. 0l
[T A | 1. :rL._r 1 1 ST U O T B 1 | 000
& O~0
¥ Y bt )
: [
-
nw\\ */\\/ \\ m OO¢ d
* Ve */ g L 98]
i " * +/\ uv
ﬁ N
+ K ik
- S~—
- 008
. O
- 2]
syINgAR O ! \N
£y INAAH  * C M
66 INAAT  + - OO.N_Wu\
9 INAAT ¥ m
€ INIAE O -
eriNaad O i
L 0091

ININOAWOD S—N VINOZIYOH 40 Ollvd

‘pueq UOIJBjASD PIepUE)S JUO MOYS SAUl| paysep pue uedws pajnduiod asujuiod
SMOYS JAIND PIOG ‘SjBUIPJO [13I3dS [Ed1I0A 10} T IS Hoou Juneqydiou
3y} 01 3A1gePRL (I°F 24n314) T4 NS I8 uoedyidWe (10 PIAIISGQ - 79°¢ 2anSiy

GM@ QoI¥3d

ol -0l . Ol
la 1 1 4 ) 1 _:_r_LF ] S W T Y S E B
5.0 -
D~ /D/O o + W
+ ,*, * -

T
|-
L
- L
v LA th ] " r
\ ; -
AN ] -
1
] -
Q 4. -
' b -
]
Vi ﬁ.
:_ L
| L
spaNdad O m
£y LN3AT ¥ N
6¢ INHAT  + =
o] ‘9g INGAT  V N
¢EINFAE O -
6z INdad O -
L

VY4103dS 3SNOJS3d WOILY3IA 40 Ollvd

o
Q
o

(23)vsd/(13)vSd

00v

o
©
©

00'8

85



PSA(E1)/PSA(E2)

RATIO OF HORIZONTAL E-W COMPONENT

16.00
]
] O EVENT 33
] A EVENT 36
] + EVENT 39
] O
12.00 - » EVENT43
i {0 EVENTA4S
;
8.00 A
i
]
]
]
4.00 n
&
4
0.00 ’ i [} LRI \T’\; LB IR LR

10~ 1
PERIOD (SEC)

Figure 3.64 - Observed soil amplification at site E1 (Figure 1.1) relative to the
neighboring rock site E2 for horizontal(E-W) spectral ordinates. Solid curve shows
pointwise computed mean and dashed lines show one standard deviation band.
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3.10 OBSERVED RATIOS PGV/PGA AND PGD/PGA

This study examined the ratios PGV/PGA and PGD/PGA for magnitude 5.0 to 6.5
earthquakes. The results of this analysis are discussed separately in Niazi and Bozorgnia
(1990) and are summarized below.

The data used in this analysis are presented in Tables 3-10 and 3-11. These tables list
the observed values of PGA, PGV, and PGD, for the inner ring stations which recorded
each earthquake analyzed. The observed ratios with respect to PGA for each station
and each event are also provided. The tables then present the mean and standard
deviation of these parameters computed for each earthquake.

In terms of in./sec./g and in./g the mean and standard deviation values for all events for
vertical PGV/PGA (V/A), PGD/PGA (D/A), and PGA*PGD/PGV? (AD/V?) are
16.00+3.08, 5.05+2.18, and 7.53+2.07, respectively. The corresponding estimates for the
horizontal component are 31.88+13.96, 7.74+4.66, and 3.07+0.91, which demonstrate
much larger variability than the vertical. We find that the ratios for the vertical
component are more stable than those for the horizontal.

The significance of these ratios is in their application to the design basis of critical
facilities. In a statistical study of earthquake response spectra, Hall et al. (1976) studied
the range of variation of V/A and AD/V? for a data base of 56 accelerograms produced
by 22 moderate to strong earthquakes located mainly in the western U.S. A previously
suggested design spectra (Newmark et al., 1973) implied a fairly constant value for these
ratios, depending on site geology. Based on these studies Newmark and Hall (1982)
recommended ratios for V/A of 48 in./sec/g and AD/V? of 6 for competent soil
conditions for construction design spectra.

Assuming a normal distribution, the 84th percentile horizontal estimate for V/A
approaches the predictions of Hall et al. (1976). However, the recommended ratio for
the vertical component exceeds the 84th percentile estimate by nearly a factor of 2. This
observation implicitly leads to different shapes for the horizontal and vertical response
spectra. Such differences in the behavior of vertical and horizontal ground motion are
not reported by Hall et al. (1976). Concerning the values of AD/V? the findings of this
study are slightly above 6 for the vertical and substantially below 6 for the horizontal
components.
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Hall et al. (1976) divided their observations into three ranges of recorded PGA (0.05-
0.10, 0.10-0.20, and >0.20), implying that the ratios may be dependent on the amplitude
of PGA. However, this study did not reveal a clear dependence on PGA, for any of the
ratios, except AD/V? which shows a weak inverse correlation with magnitude.
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3.11 GROUND-MOTION COHERENCE

The variation of ground-motion coherence with respect to frequency was studied for the
vertical component over the stations of the 200 m radius inner-ring sub-array. As a
measure of coherence, the following ratio, suggested by Smith et al. (1982) was used: the
ratio of the response spectra computed for the mean of the individual time histories
across the array to the mean of the individual response spectra for recordings over the
array. However, since the central station (C00) is located at the geometric center of the
sub-array, the acceleration time-history of this station served as the empirical mean of
the inner-ring time histories.

For each event, Figures 3-65 and 3-66 plot the ratio of the C00 spectral ordinates to the
mean of all spectral ordinates recorded for the eleven corresponding events (for clarity
they are reproduced on two figures). Event 31 is not included, since it did not produce a
usable record at C00. All response spectra are at 5% critical damping.

The mean and standard deviation of these ratios are presented in Figure 3-67 as the
coherence parameter. The dashed portions of the curves (in Figures 3-65 and 3-66) for
events 14, 15, and 20 are erratic and are not used in computing the coherence
parameter; events 14 and 15 are small with no significant long-period energy, and event
20 is in the farfield, over 100 km from the array.

The coherence parameter in Figure 3-67 indicates that vertical ground motion is
relatively coherent across the entire spectral band of engineering interest. As expected a
decreasing trend towards higher frequencies is evident but is not very strong, indicating
that the vertical ground motion response of a single degree of freedom oscillator behaves
coherently across the frequency spectrum at distance spacing relevant to the inner ring.
This observation is in general agreement with the results obtained for the vertical
accelerograms of the 1979 Imperial Valley, California earthquake across the El Centro
Differential Array (Niazi, 1985 and 1986).
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Figure 3.67 - Mean and standard deviation of the observed ratios displayed in Figures
3.65 and 3.66 and interpreted here as a measure of coherence of ground motion.



4.0 CONCLUSIONS

This study analyzed over 700 accelerograms from 12 earthquakes recorded at the
SMART 1 array in northeast Taiwan. The digital time-histories and processed data
represent approximately 4 million data points. From this data base, relationships were
developed for the following vertical and horizontal ground motion parameters:

PGA
PGV
PGD
response spectral ordinates at 5% critical damping and at 23 discrete

frequencies in the range of engineering interest

This study is unique, since previous discussions of peak vertical ground motion have
seldom gone beyond PGA, and none have considered digital high quality data from a
dense array with similar subsurface conditions.

The analysis of ground motion parameters utilized the nonlinear attenuation equation of
the form suggested by Campbell (1981):

In(Y) = a + bM + dIn[R + ¢,e“M)

Attenuation relationships for the ground motion parameters studied are provided in
Tables 3-2 to 3-6.

COMPARISON WITH R.G. 1.60

This study confirms the conservatism of the R.G. 1.60 horizontal spectra, except at high
magnitudes between about 0.15 and 2.0 seconds. In this range, the near-field spectra
significantly exceed those recommended by the regulatory guide.

For the vertical component, the spectra calculated in this study exceed those of the
regulatory guide in the high frequency range, in the very nearfield. However, the
regulatory guide appears very conservative with respect to the present results beyond
about 0.25 second. It is also conservative at all frequencies for distances greater than
about 50 kilometers.
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RATIO OF VERTICAL TO HORIZONTAL GROUND MOTION

This study found that the ratio of the vertical to horizontal component is sensitive to
frequency content, distance, and magnitude. The ratios are larger for both high
frequency energy at short distances and low frequency energy at long distances. Also, as
magnitude increases, the ratio in the nearfield increases. These results indicate that, at
distances less than ten kilometers, vertical ground motion controls the high frequency
excitation and that low frequency excitation is controlled by the horizontal motion. The
cross-over frequency lies between 5 and 10 Hz.

The results of this study tend to indicate that the value of 2/3 for the ratio of vertical to
horizontal ground motion, commonly used in engineering applications, is unconservative
in the very nearfield for high frequency ground motion. For PGA and for spectral
ordinates less than 0.20 second, the ratio exceeds 2/3 at distances less than 25 km and
exceeds unity within 5 km of the hypocenter.

One major conclusion is that the spectral ratios are less than 2/3 for

[ periods longer than about 0.20 second
| for all frequencies at distances greater than 30-50 km
| for PGA at distances greater than 30 km

This is especially pronounced for the larger magnitude earthquakes, which are of primary
engineering significance. These results support the design basis of many structures in the
eastern United States, since their seismic hazard is largely from large distant earthquakes
and the associated long-period motion.

In order to reduce some of the uncertainties associated with this analysis and to extend
the validity of the results to other regions, this methodology should be applied to an
enhanced, worldwide data base . It is especially important to constrain the results
concerning magnitude saturation, since this significantly affected the predicted
amplitudes for large magnitude events on the upper boundary of the data.
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FREQUENCY DEPENDENCE

Inconsistent and unexpected trends were observed with respect to the response of ground
motion with changing frequency.

As expected, horizontal PGA exhibits lower attenuation (d=-0.81) than does the vertical
component (d=-1.22), which has a higher frequency content than the horizontal.
Similarly, the coefficient d for the vertical component decreases from PGA to PGV to
PGD, indicating decreasing attenuation with decreasing frequency. Also, the far-field
coefficient d for vertical spectral ordinates tends to diminish as frequency increases.
These observations are expected, since it is thought that higher frequency energy is
absorbed faster than the lower frequencies. Thus, scaling with distance should decrease
with decreasing frequency.

Contrary to the above, the longer period PGD attenuates more rapidly than the higher
frequency PGA, for the horizontal component. Also, the far-field coefficient d tends to
increase with decreasing frequency, indicating a larger scaling with distance as frequency
decreases.

This counter-intuitive trend is also seen in the values of DMS. While vertical DMS
decreases from PGA to PGD, the horizontal values of DMS increase. These are also
opposing trends with respect to frequency, since magnitude saturation is thought to be
associated with high frequency energy content.

At this time, we do not have a definite explanation for these phenomena. However,
these effects could be due to either

| different behavior of Q, and Qg with respect to frequency, or
| coupling between high frequency Lg and other forms of seismic energy.

Since the propagation of Lg is geologically controlled, this effect would
then be region specific.
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MAGNITUDE SCALING

For the horizontal component, the values of b increase almost monotonically as period
increases from 0.1 to 3 seconds. This trend is also observed by Joyner and Boore (1982)
from 0.1 to 2 seconds. To a lesser extent, the vertical component displays the same
trend.

This increase of magnitude scaling with increasing wavelength is expected since longer
period energy is produced by larger portions of the source. However, the reverse trend
is seen as b decreases beyond the three second ordinate.

MAGNITUDE SATURATION

The Degree of Magnitude Saturation (DMS) is found to vary by component and by
ground-motion parameter. For example, this study finds a greater degree of saturation
for the vertical component of PGA than for the horizontal. This is intuitively appealing,
since vertical PGA is associated with higher frequency energy than horizontal PGA.

For both the vertical and horizontal components, the high frequency spectral ordinates
show nearly total magnitude saturation. However, DMS suddenly disappears at about 4
to 6 Hz with a sudden resurgence at 2.5 and 0.67 Hz, for the vertical and horizontal
components, respectively. DMS is around 50% for the long period spectral ordinates,
even though magnitude saturation is thought to be associated with high-frequency energy.

The apparent persistence of magnitude saturation into the long periods may be caused
by a decreasing signal-to-noise ratio as period increases. Also, the sudden
disappearance of DMS at about 4 Hz may be associated with geological peculiarities of
the SMART 1 site.
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UNCERTAINTY OF PREDICTED VALUES

Magnitude Dependence of Uncertainty

For all peak values and response spectral ordinates studied, the observed dispersion of
the data decreases as magnitude increases. Therefore, the standard error of the
regression can be modelled as magnitude dependent for these parameters, reducing the
uncertainty associated with predicted amplitudes of large magnitude events.

Contribution to Scatter

The SMART 1 array eliminates many of the site effects which can influence the
characteristics of recorded ground motion: subsurface geology is relatively uniform; the
instruments are identical; they are all mounted on identical concrete mats; and variations
in travel-paths are reduced. Also, especially within the inner ring, the close spacing of
the stations should eliminate bias with respect to focussing or radiation effects, since the
stations would be uniformly placed with respect to any earthquake sources. These array
characteristics allow the following conclusions for recorded ground motion when factors

such as geology, structure type, and azimuth do not vary:

| The scatter of observations at adjacent locations is as large as for stations
placed further apart.

| The major contributor to the uncertainty is the variation of ground-motion
observations between earthquakes (inter-event uncertainty).

| The inter-event uncertainty contributes more to the scatter than the
variation in observations due to station bias.

The addition of the outer stations enhances the control of the far-field attenuation by
increasing the spread of data with respect to distance for the individual earthquakes.
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SOIL AMPLIFICATION

For all peak parameters and over all frequencies, a recording station located on soil
shows significant amplification of ground motion with respect to an adjacent station
located on rock. However, this amplification varied significantly by component and
frequency content of the parameter studied.

The ratio of spectral amplitudes for soil to rock is between 1.3 to 2.0 for high frequency
ordinates. It peaks between 3 and 7 at 0.8 to 2.0 seconds and decreases for the long
period ordinates. The peak parameters display the same general trends with frequency
as displayed by the spectral ordinates.

FREQUENCY DEPENDENCE OF ATTENUATION

At distances less than twenty kilometers the slope of the attenuation curve for the higher
frequency spectral ordinate is greater than that of the lower frequencies. This indicates
more rapid attenuation of high frequency motion at short distances. Also, beyond about
twenty kilometers, the slope of the attenuation curves for the three periods are roughly
the same, indicating more or less uniform attenuation with frequency.

SPECTRAL SHAPE

Assuming a normal distribution, the 84th percentile horizontal estimate for V/A
approaches the predictions of Hall et al. (1976). However, Hall’s ratio for the vertical
component exceeds the 84th percentile estimate by nearly a factor of 2. This observation
implicitly leads to different shapes for the horizontal and vertical response spectra.

Concerning the values of AD/V?, the present findings for the vertical component are
slightly above the recommended value of 6 (Hall et al., 1976) and substantially below 6

for the horizontal.

This study did not observe a clear dependence on PGA, for any of the ratios.
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COMPARISON WITH OTHER STUDIES

The values predicted by this model for peak vertical acceleration, for magnitudes 3.5, 6.5,
and 7.5, are compared with those of Campbell (1982) and Donovan (1982) in Figure 3-7,
and with Abrahamson and Litehiser (1989) in Figure 3-8. Results for horizontal PGA
(Table 3-4) are compared with those of Campbell (1981) and Joyner and Boore (1981) in
Figure 3-16. These are discussed. at length in the body of the report.

The most general features of the present predictions with respect to the other studies are

lower far-field attenuation for PGA and PGV

lower near-source amplitudes of PGA

higher magnitude saturation for vertical PGA

lower magnitude saturation than Campbell for horizontal PGA

higher magnitude scaling for PGA.
FUTURE WORK

The novelty of the data used in this study, relates to the fact that the earthquake sources
as well as recording stations are concentrated within a small region of less than 100 km
radius. Moreover, instrumentation across the array is uniform. In this context, our
results may be termed site specific. These circumstances served to reduce the scatter of
observations and consequently helped to reveal a number of interesting trends.

However, these are reasonable grounds for believing that some of the observed trends
are generic in nature, and it is recommended that their validity be examed for other
regions of the world where a sufficient quantity of high quality data exists; i.e. in Japan
and California.

Also, the inclusion of small and intermediate magnitude events in this data set, and an
insufficiency of information regarding source geometries prevented the use of more
meaningful distance scaling in terms of source distances. Instead, distance scaling was
expressed in terms of hypocentral distance which represents the point of rupture
initiation on the fault surface. Since this study was begun, several large earthquakes with
sufficient coverage by the SMART1 array have occurred. In addition, new studies
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concerning source geometry of larger events, (5, 43, and 45) have been published. With
these new data at hand, a sensitivity study should be conducted by applying the
regression analyses of this study to a new integrated data file, in which distances to the

rupture surface are included.
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