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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, J, 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, J, 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. 



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 
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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 Y / 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 /y2
, 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 PGY 

• 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 

2 



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. 

3 
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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 E1 and E2 

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: 

• 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. 
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• 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/sec2 (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. 
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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/sec2
). 

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. 

7 



Table 2-1 

List of Earthquake Sources Used in this Study 

Event Year Date N.Lat. E.Long. Depth M Dist. to Cent. Source No.Obs. 
deg deg km km Type(*) (Compnts.) 

5 1981 Jan 29 24.43 121.90 ILl 6.3 30.20 Reverse 30 
14 1981 Aug 30 24.46 121.75 0.2 5.0 23.15 51 
15 1981 Oct 5 24.66 121.74 3.6 3.6 3.10 45 
20 1982 Dec 17 24.38 122.87 27.3 6.4 119.73 Obliq.R 60 
22 1983 May 10 24.46 121.51 1.2 6.4 35.39 Normal 57 
29 1984 Apr 23 24.79 122.09 8.7 6.0 35.13 60 
31 1985 Mar 9 24.76 122.23 4.1 5.9 48.24 60 
33 1985 Jun 12 24.57 122.19 3.3 6.5 44.98 Obliq.N 66 
36 1985 Sep 20 24.53 122.20 6.1 6.3 46.57 Normal 81 
39 1986 Jan 16 24.76 121.96 10.2 6.5 22.19 Normal 66 
43 1986 JuI30 24.63 121.79 1.6 6.2 5.77 Normal 81 
45 1986 Nov 14 23.99 121.83 13.9 7.8 77.09 Reverse 66 

'" Based on teleseismically determined fault plane solutions 
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Table 2-2 - SMART 1 Array Recording Station Locations 

Station East Longitude North Latitude Elevation (m) 

COO 121.45.52.98 24.40.25.52 6.10 
101 121.45.54.10 24.40.31.72 5.90 
102 121.45.57.72 24.40.30.10 5.50 
103 121.45.59.88 24.40.27.61 6.10 
104 121.46.00.16 24.40.24.08 6.10 

105 121.45.58.32 24.40.21.14 6.30 
106 121.45.54.55 24.40.19.40 6.60 
107 121.45.51.10 24.40.19.23 6.30 
108 121.45.48.60 24.40.20.91 6.20 
109 121.45.45.97 24.40.23.47 7.00 

110 121.45.46.00 24.40.26.75 7.00 
111 121.45.48.16 24.40.29.46 6.80 
112 121.45.50.91 24.40.31. 79 6.40 
M01 121.46.00.05 24.40.57.11 5.50 
M02 121.46.17.94 24.40.53.05 4.40 

M03 121.46.24.33 24.40.36.69 4.00 
M04 121.46.28.09 24.40.18.20 4.50 
M05 121.46.19.29 24.40.05.63 3.90 
M06 121.46.03.72 24.39.54.45 4.30 
M07 121.45.43.36 24.39.53.46 5.20 

M08 121.45.30.10 24.40.01.34 7.40 
M09 121.45.18.69 24.40.13.38 10.80 
M10 121.45.20.53 24.40.30.10 7.60 
M11 121.45.26.78 24.40.47.60 7.10 
M12 121.45.42.92 24.40.57.28 5.90 

001 121.46.07.24 24.41.30.08 5.30 
002 121.46.41.25 24.41.13.63 4.90 
003 121.47.02.39 24.40.44.93 3.40 
004 121.47.02.24 24.40.13.12 2.40 
005 121.46.47.44 24.39.43.76 3.80 

006 121.46.14.91 24.39.23.34 4.80 
007 121.45.39.03 24.39.21.76 7.20 
008 121.45.06.47 24.39.33.94 18.10 
009 121.44.44.52 24.40.03.05 9.60 
010 121.44.43.58 24.40.40.25 13.40 

011 121.45.01.99 24.41.08.43 9.10 
012 121.45.32.03 24.41.27.52 6.50 
E01 121.45.52.00 24.38.55.42 5.17 
E02 121.45.39.61 24.37.49.69 9.72 
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Source-to-Station Distance 

Hypocentral distance is taken to represent source-to-station distance. Focal depth and 

epicentrallocation 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 (ML) for magnitudes less than 6.6 and Surface 

Magnitude (Ms) for Ms 6.6 or above. This data base is not sensitive to the specific cut

off magnitude, since, for all values of ML that are used in the analysis, the reported value 

of Ms is less than ML. Also, as shown in Table 2-1, ML is used for all events except for 

the November 14, 1986 earthquake of Ms 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 Locationiinstrument 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). 
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2.4 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/sec2
, 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 POV (if the peak velocity is in question) and from the 

analysis of POD. Thus, while 234 stations are utilized for the analysis of vertical POA, 

224 and 190 are used for the POV and POD 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 1-09 and 

1-11). 

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 



35.45 

35.50 

35.55 

E 
...: 

UJ 
(.) 
Z 

~ 
35.60 

0 
..J 
< a: 
~ z 
UJ 
(.) 

35.65 a:: 
UJ 

35.70 

35.75 

35.80 

00:15:20 

TIME 

00:15:30 

IO%g 

V 

00:15:40 

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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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) 

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 g scales the 

amplitude of ground motion at zero magnitude and distance. The coefficient 12 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 (c1eCZM) 

allows magnitude scaling to be a function of distance in the near field. By setting Cz = 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 CampbeU,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. 
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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 < 2.5 0 0 
25~R< ~O 15 2 
5.0 ~ R < 7.5 24 2 
7.5 ~ R < 10.0 2 1 

10.0 ~ R < 14.1 0 0 
14.1 ~R < 20.0 0 0 
20.0 ~ R < 28.3 38 1 
28.3 ~R < 40.0 47 3 
40.0 ~ 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 C1 C2 d 0" DMS No.ofObs. 
Parameter % (*) 

PGA (g) -6.063 1.150 0.040 0.768 -1.219 0.553 81 234 
PGV (cm/sec) -3.963 1.368 0.117 0.701 -1.099 0.546 56 224 
PGD (cm) -4.088 1.152 0.269 0.658 -0.977 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 C1 C2 d 0" DMS No.ofOBs. 
Parameter % (*) 

PGA(g) -6.625 1.164 0.011 0.902 -1.704 0.529 83 132 
PGV(cm/sec) -4501 1.363 0.062 0.719 -0.958 0.544 51 127 
PGD( cm) -4.339 1.223 0.240 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, a 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 bye. 

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

(1981) as 

DMS = (-c2d/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 (Le., 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 (Le., 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 c1 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. 
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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 g 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. 
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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 - 1.43In(R+3.33eol0SM) 

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 + 0.76ML - 1.27 In[(R2+ 7.02ylz] 

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 ML, Campbell uses ML for M < 6.0 and Ms for 

M~6.0, while this study uses ML for M < 6.6 and Ms for M~6.6. 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 12 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-1.096ln(R+eo.256M
) + 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 12. 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 (Le. 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 a b Cl c2 d (J DMS No.ofObs. 
Parameter % 

Case 1 -
Individual 
components, 

PGA( g) -5.610 0.951 0.349 0.478 -0.818 0.497 41 474 
PGV(cm/sec) -4.216 1.575 0.235 0.487 -1.089 0.569 34 468 
PGD( cm) -4.952 1.644 0.114 0.676 -1.387 0.805 57 424 

Case 2 -
Mean of the 
two components, 

PGA( g) -5.502 0.934 0.411 0.452 -0.814 0.462 39 236 
PGV(em/see) -4.164 1.576 0.210 0.510 -1.097 0.537 36 232 
PGD( em) -4.468 1.589 0.133 0.660 -1.411 0.790 59 189 
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Figure 3.0 - Comparison of the prediction for horizontal PGA, PGV and PGD 
when regression is applied to the mean of the two components (solid curves) 
or to the individual components (dashed curves). Predictions are for M7.5 

6.5 and 5.5, respectively for a)1 three ground-motion parameters. 
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3.3.2 Discussion 

Comparison with Vertical Component 

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

coefficient g. 

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 g 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 g 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 aI., 1979; Hasegawa et aI., 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 Qa and QB 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 + 0.0606eo.7M
) 

The model derived by Joyner and Boore is in a different functional form, as given below 

for the log of PGA in g: 

10g(PGA) = -1.02 + 0.249M - log r - 0.00255r 

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 ML for M < 6.0 and Ms for M~6.0, while this study uses ML 

for M < 6.6 and Ms for M~6.6. 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 

hypo central 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 em/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 + 0.0150eO.812M) 
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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 

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 

(h) 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 loglO to 

natural log, their relationship shows bin = 2.303 * 0.489 = 1.126; greater than Campbell 

to value but less than that of this study. 

3.4 RESPONSE SPECTRA 

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

periods: 

T(sec.) = 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, 

where PSV is Pseudo Relative Velocity in em/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 ~2 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 ~2 is zero (DMS = 0; no magnitude saturation) and one of them had 

DMS near zero. The uncertainty is not affected by constraining ~2 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 Cl C2 d 0' DMS 
(sec.) % 

0.03 -4.106 1.144 0.046 0.769 -1.294 0546 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 0.562 102 
0.075 -2.955 1.232 0.0309 0.805 -1.339 0.568 88 
0.10 -3.598 1.339 0.017 0.878 -1.223 0.582 80 
0.111 -4.072 1.405 0.0015 l.256 -1.166 0.614 104 
0.150 -4.398 1.474 0.0013 l.346 -1.085 0.609 99 
0.20 -3.732 1.319 5.408 0·· -0.968 0.614 0 
0.286 -4.463 1.425 6.276 0 -0.958 0.617 0 
0.30 -4.842 1.449 5.188 0 -0.908 0.622 0 
0.40 -6.504 1.629 0.00009 l.673 -0.783 0.510 80 
0.50 -7.234 1.890 0.00053 1.545 -1.004 0.559 82 
0.60 -6.487 1.645 0.0769 0.686 -0.858 0.591 36 
0.70 -6.585 1.696 0.0832 0.727 -0.904 0.553 39 
0.80 -6.923 1.749 0.0512 0.759 -0.897 0.547 39 
1.00 -6.497 1.701 0.049 0.755 -0.946 0.616 42 
1.50 -6.171 1.800 0.0633 0.825 -1.117 0.716 51 
2.00 -5.920 1.722 0.114 0.751 -1.085 0.709 47 
3.00 -5.281 1.733 0.245 0.679 -1.326 0.703 52 
4.00 -4.151 1.537 0.436 0.647 -1.299 0.678 55 
5.00 -3.574 1.318 0.358 0.674 -1.105 0.726 57 
7.00 -3.181 1.006 0.281 0.669 -0.788 0.693 52 

to.oo -3.461 1.013 0.342 0.661 -0.858 0.632 56 

* Regressions were perfonned 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 Cl C2 d ('J DMS 
(sec.) % 

0.03 -3.833 0.939 0.188 0.596 -0.843 0.455 53 
0.04 -2.887 0.910 0.122 0.710 -0.940 0.451 73 
0.05 -2.162 0.922 0.145 0.729 -1.050 0.444 83 
0.075 -2.092 0.883 0.072 0.767 -0.878 0.468 76 
0.10 -1.747 0.699 0.609 0" -0.582 0.505 0 
0.111 -1.401 0.701 2.724 0" -0.615 0.510 0 
0.15 -0.116 0.836 18.495 0 -0.955 0.504 0 
0.20 -1.285 1.035 15.444 0 -0.902 0.537 0 
0.286 -2.614 1.290 9.181 0 -0.941 0.508 0 
0.30 -2.865 1.346 8.284 0 -0.965 0.517 0 
0.40 -3.756 1.523 7.225 0 -0.975 0.462 0 
0.50 -4.297 1.620 7.712 0 -0.984 0.523 0 
0.60 -5.203 1.719 5.227 0 -0.946 0.543 0 
0.70 -5.653 1.800 4.779 0 -0.961 0.533 0 
0.80 -5.825 1.881 5.125 0 -1.051 0.581 0 
1.00 -6.435 2.033 2.900 0 -1.183 0.597 0 
1.50 -7.352 2.124 0.016 0.753 -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 0.733 -1.450 0.775 48 
4.00 -5.825 2.057 0.142 0.690 -1.559 0.713 52 
5.00 -4.520 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 0.691 -1.339 0.664 57 

Original 
Cases 
with C2 

Uncons-
trained 

0.10 -2.226 0.871 0.00024 1.583 -0.713 0.503 130 
0.111 -1.475 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 c2 results listed at the bottom. 
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3.4.1 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 12 in equation (1). Since 12 
represents scaling of the natural log of the ground-motion parameter, an increase of 1 in 

the value of 12 will increase the scaling of the ground-motion parameter by 2.7 times 

(e1.o=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 (e1
.
16 =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,TjPSV,M,lO,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. 

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 
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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 5 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 

RG. 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 RG. 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 spectra 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 c2 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 Peeker, 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 ranges 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 a and Q B 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 5 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 is not consistent with 0% for the 4 to 10 Hz spectral range. 
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Magnitude Saturation (DMS) vs Frequency 

10 -1 

PERIOD 
1 

(SEC) 
10 

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. 

3.7.4 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 Pcov of coefficients of 
variation of peak vertical ground-motion parameters and 

vertical spectral ordinates against magnitude 

Ground-Motion Period Pcov 

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 -0.471 
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 -0.472 
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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 alnPGA =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 alnPGA =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 InpGA), 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 

5 0.212 
14 -0.470 
15 0.092 
20 0.751 
22 -0.335 
29 -0.370 
31 0.225 
33 -0.224 
36 0.050 
39 1.149 
43 -0.118 
45 0.168 

STAND.DEV. 

0.260 
0.343 
0.354 
0.177 
0.196 
0.274 
0.265 
0.362 
0.386 
0.234 
0.250 
0.090 

SOURCE TYPE 

Reverse 

Obliq.R 
Normal 

Obliq.N 
Normal 
Normal 
Normal 
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. 

COO 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 0.498 
106 0.098 0.458 
107 -0.227 0.498 
108 0.131 0.532 
109 0.459 0.472 
no -0.048 0.496 
111 0.213 0.607 
112 0.151 0.606 
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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. 

3.9 SOIL AMPLIFICATION 

As described in Section 2.1, the SMART-l 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 El 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. 

82 



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: 

SoilLRock (E1 LE2) 

Component PGA PGV PGD 

E-W 2.1 3.0 2.4 

N-S 1.3 1.7 2.4 

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. 
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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 PGY jPGA and PGD jPGA 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, PGY, 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.jsec.jg and in.jg the mean and standard deviation values for all events for 

vertical PGYjPGA (YjA), PGDjPGA (DjA), and PGA*PGDjPGy2 (ADjy2) 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 Y j A and AD jy2 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 aI., 1973) implied a fairly constant value for these 

ratios, depending on site geology. Based on these studies Newmark and Hall (1982) 

recommended ratios for Y j A of 48 in.jsecjg and ADjy2 of 6 for competent soil 

conditions for construction design spectra. 

Assuming a normal distribution, the 84th percentile horizontal estimate for Y j A 

approaches the predictions of Hall et aI. (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 ADjy2, 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 jV2 which shows a weak inverse correlation with magnitude. 
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Table 3·10 

Ratio of Observed Vertical Peak Values 

at each Station for each Event and 

Mean and Standard Deviation for each Event 

PGA PGV PGD D/A VIA A*D/V/V 
Event Sta. Compo (cm/sec2) (cm/sec) if!!!2. i.inL9l (in/s/g) 

5 COO v 43.4800 2.0100 .6600 5.8626 17.8543 7.1030 
5 106 v 31.9600 1.6700 .4700 5.6797 20.1811 5.3861 
5 109 v 66.7000 3.3200 .8800 5.0956 19.2242 5.3252 
5 112 v 59.6700 2.1000 .6500 4.2072 13.5925 8.7949 

MEA N 50.4525 2.2750 .6650 5.2113 17.7130 6.6523 
STD DEV 13.5972 .6243 .1453 .6452 2.5186 1.4282 

14 102 v 7.9000 .3400 .2400 11.7333 16.6221 16.4014 
14 104 v 5.4800 .2100 .0700 4.9335 14.8004 8.6984 
14 105 v 13.0000 .3600 .1000 2.9709 10.6953 10.0309 
14 107 v 7.8700 .3600 .2900 14.2318 17.6670 17.6103 
14 108 v 10.4200 .3500 .2000 7.4131 12.9729 17.0122 
14 109 v 18.9400 .9100 .4000 8.1567 18.5565 9.1487 
14 111 v 5.6900 .2200 .1100 7.4665 14.9330 12.9318 
14 112 v 7.2500 .5100 .2900 15.4488 27.1686 8.0834 

MEA N 9.5688 .4075 .2125 9.0443 16.6770 12.4896 
STD DEV 4.2298 .2090 .1070 4.1061 4.6186 3.7611 

15 COO v 20.5700 .4100 .2100 3.9429 7.6981 25.6972 
15 101 v 37.8400 1.0300 .6800 6.9405 10.5129 24.2541 
15 103 v 17.8200 .4100 .1600 3.4677 8.8861 16.9613 
15 107 v 15.1400 .5400 .5000 12.7550 13.7754 25.9602 
15 108 v 26.8300 .4000 .1200 1.7274 5.7580 20.1225 
15 110 v 12.8200 .3300 .1900 5.7240 9.9417 22.3673 
15 112 v 27.8800 .5300 .3100 4.2944 7.3421 30.7682 

MEA N 22.7000 .5214 .3100 5.5503 9.1306 23.7330 
STD DEV 8.0731 .2189 .1912 3.3162 2.4150 4.1290 

20 COO v 15.5100 1.0200 .5800 14.4428 25.3994 8.6465 
20 104 v 20.6600 1.0600 .2800 5.2344 19.8158 5.1485 
20 107 v 17.1500 1.1600 .4700 10.5845 26.1234 5.9903 
20 108 v 21.6100 1.2500 .3100 5.5404 22.3404 4.2874 
20 109 v 32.6600 1.5300 .3900 4.6119 18.0930 5.4412 
20 110 v 23.9300 1.2000 .3300 5.3261 19.3675 5.4840 
20 111 v 21.2200 1.1800 .5000 9.1004 21.4769 7.6199 

MEA N 21.8200 1.2000 .4086 7.8343 21.8023 6.0883 
STD DEV 5.1455 .1537 .1030 3.4129 2.8193 1.4046 
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Table 3-10 (Continued) 

22 101 y 33.2300 1.2800 .4200 4.8815 14.8770 8.5184 
22 103 y 24.5100 1.2000 .4700 7.4061 18.9092 7.9998 
22 104 y 24.7600 1.2300 .6000 9.3591 19.1862 9.8196 
22 106 y 33.3000 1.7900 .6300 7.3069 20.7608 6.5475 
22 107 y 30.0200 1.4500 .6000 7.7193 18.6549 8.5669 
22 109 y 38.3800 2.0200 .4700 4.7296 20.3274 4.4208 
22 110 V 22.5700 1.3000 .5100 8.7272 22.2458 6.8111 
22 111 y 18.8900 1.2700 .4800 9.8140 25.9661 5.6217 
22 112 y 25.1600 1.2900 .4300 6.6007 19.8022 6.5013 

MEA N 27.8689 1.4256 .5122 7.3938 20.0811 7.2008 
STD DEV 5.8721 .2699 .0739 1.6882 2.8129 1.5772 

29 102 y 20.5400 .6800 .3500 6.5812 12.7863 15.5471 
29 103 y 14.1500 .5600 .0800 2.1836 15.2851 3.6097 
29 105 y 22.3000 .7100 .1500 2.5979 12.2967 6.6356 
29 106 y 23.8300 .7200 .2700 4.3760 11.6693 12.4115 
29 107 y 11.2300 .4600 .1600 5.5027 15.8203 8.4915 
29 111 y 28.7500 1.0300 .1600 2.1494 13.8368 4.3359 
29 112 y 17.2700 .5200 .1700 3.8018 11.6291 10.8576 

MEA N 19.7243 .6686 .1914 3.8846 13.3319 8.8413 
STD DEV 5.5404 .1742 .0827 1.5901 1.5718 4.0433 

31 COO y 16.9200 .6000 .1700 3.8805 13.6958 7.9900 
31 101 y 23.5600 .9000 .2500 4.0983 14.7538 7.2716 
31 102 Y 19.9400 .6600 .2600 5.0360 12.7836 11.9017 
31 105 y 24.3100 .7800 .2900 4.6073 12.3921 11.5876 
31 106 y 18.1200 .5700 .0900 1.9183 12.1493 5.0194 
31 107 y 15.1300 .6600 .3100 7.9133 16.8477 10.7674 
31 108 y 24.5900 .8000 .2500 3.9266 12.5651 9.6055 
31 109 v 38.7800 1.2500 .1900 1.8923 12.4491 4.7156 
31 110 y 22.5800 .8400 .1000 1.7105 14.3678 3.2001 
31 111 y 24.3000 .8300 .1400 2.2251 13.1919 4.9383 
31 112 y 16.7900 .5400 .2900 6.6709 12.4216 16.6979 

MEA N 22.2745 .7664 .2127 3.9890 13.4198 8.5177 
STD DEV 6.1813 .1913 .0750 1.9326 1.3585 3.8571 

33 coo y 21. 2500 .8200 .3400 6.1795 14.9036 10.7451 
33 102 y 47.5000 1.3800 .1800 1.4636 11.2207 4.4896 
33 103 y 21.0600 1.0500 .2500 4.5848 19.2560 4.7755 
33 106 y 22.1200 .8200 .3400 5.9365 14.3174 11. 1850 

MEA N 27.9825 1.0175 .2775 4.5411 14.9244 7.7988 
STD DEV 11.2755 .2294 .0672 1.8778 2.8657 3.1717 
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Table 3-10 (Continued) 

36 COO v 
36 101 v 

36 102 v 

36 104 v 
105 v 

107 v 
108 v 

23.0600 
18.6400 
34.3400 

.8500 

.6000 
1.1900 

31.2100 1.1100 
56.4000 
13.7400 
24.1500 

2.3100 36 
36 
36 
36 111 v 46.2200 

.6500 
1.0900 
1.6900 
1.1862 

39 
39 
39 
39 
39 
39 
39 
39 
39 
39 
39 
39 

MEA N 30.9700 
STD DEV 13.4566 .5334 

Coo v 

101 v 

102 v 

103 v 
104 v 
105 v 

106 v 

107 v 
108 v 
109 v 
111 v 

112 v 

216.3800 
219.5600 
159.8900 
179.1300 
206.5700 
157.6200 
184.7500 
125.7100 
233.0300 

8.0200 
9.3300 
8.8300 
8.2900 
6.6800 
7.0800 
7.7300 
6.1700 
6.9500 

227.6000 8.0400 
215.2400 10.0000 
329.7700 13.1700 

.2100 3.5172 

.1900 3.9368 

.2200 2.4743 

14.2362 6.7026 
12.4320 9.8378 
13.3839 5.3349 

.4400 5.4450 13.7361 11.1455 

.2400 

.1400 

.4600 

.2100 

.2637 

.1110 

1.2400 
1.3000 
1.4800 
1.2000 
1.4700 
1.4800 
1.2800 
1.1200 
1.2900 
1.3000 
1.3900 
1.8000 

1.6435 
3.9353 
7.3566 
1.7548 
3.7579 
1.8045 

2.2133 
2.2868 
3.5750 
2.5873 
2.7484 
3.6265 
2.6758 
3.4410 
2.1380 
2.2060 
2.4942 
2.1081 

15.8186 
18.2710 
17.4319 
14.1219 
14.9289 
1.9171 

14.3150 
16.4121 
21.3292 
17.8740 
12.4895 
17.3483 
16.1596 
18.9562 
11.5188 

2.5367 
4.5529 
9.3502 
3.3984 
6.6074 
2.9848 

4.1715 
3.2789 
3.0350 
3.1278 
6.8051 
4.6538 
3.9576 
3.6984 
6.2235 

13.6433 4.5772 
17.9437 2.9918 
15.4245 3.4223 

MEA N 204.6042 8.3575 1.3625 2.6750 16.1178 4.1619 
STD DEV 49.1230 1.7994 

43 COO v 
43 101 v 

166.8800 4.6100 
136.1300 3.0100 

43 
43 
43 
43 
43 
43 
43 
43 
43 
43 
43 

102 v 

103 v 

104 v 

105 v 
106 v 

107 v 

108 v 
109 v 

110 v 

111 v 
112 v 

105.7400 
125.6400 
113.4000 
136.2500 
157.6100 
98.5600 

140.5100 
139.7600 
126.0300 
224.7100 
225.2400 

3.0300 
3.5400 
4.1500 
4.6300 
4.8200 
2.9800 
3.5300 
5.5900 
3.3400 
3.9300 
5.1900 

MEA N 145.8815 4.0269 
STD DEV 38.2843 .8428 

.1711 

.8100 

.7100 

.5500 

.7000 
1.4700 

.6000 

.6300 

.6600 

.8500 

.9500 

.5300 

.5000 

.9800 

.7646 

.2515 

91 

.5432 

1.8746 
2.0144 
2.0089 
2.1518 
5.0066 
1.7008 
1.5438 
2.5863 
2.3364 
2.6253 
1.6242 

.8594 
1.6804 
2.1548 

.9388 

2.6988 1.1882 

10.6692 6.3604 
8.5398 10.6679 

11.0672 
10.8820 
14.1342 
13.1244 
11.8113 
11.6775 
9.7029 

15.4477 
10.2355 
6.7547 
8.8993 

6.3346 
7.0181 
9.6791 
3.8135 
4.2740 
7.3251 
9.5847 
4.2490 
5.9877 
7.2746 
8.1948 

10.9958 6.9818 
2.2552 2.0745 



Table 3-10 (Continued) 

45 COO v 72.8800 7.2700 2.9800 15.7922 38.5267 4.1092 
45 101 v 76.4100 7.5800 3.0600 15.4670 38.3137 4.0694 
45 102 v 78.0700 6.3800 3.0900 15.2866 31.5625 5.9265 
45 103 v 96.8800 6.7400 3.0900 12.3186 26.8696 6.5898 
45 104 v 83.2100 7.6800 3.5000 16.2453 35.6468 4.9377 
45 105 v 78.8100 8.1700 3.2700 16.0251 40.0383 3.8609 
45 106 v 92.4700 8.2400 3.4500 14.4097 34.4161 4.6986 
45 107 v 87.4500 7.5500 3.2900 14.5302 33.3444 5.0473 
45 108 v 86.6000 7.5200 3.1500 14.0484 33.5379 4.8238 
45 109 v 93.7200 7.6600 3.0700 12.6515 31.5669 4.9036 
45 111 v 80.3300 7.2800 3.0000 14.4238 35.0017 4.5471 
45 112 v 94.7500 7.5100 3.0800 12.5547 30.6123 5.1743 

MEA N 85.1317 7.4650 3.1692 14.4794 34.1197 4.8907 
STD DEV 7.6834 .4985 .1633 1.3156 3.5835 .7401 
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Table 3-11 

Ratios of Observed Horizontal Peak Values 

at each Station for each Event and 

Mean and Standard Deviation for each Event 

PGA PGV PGD D/A VIA A*D/V2 

Event Sta. Comp (em/see2) (em/sec) --1f!!!l ~ (in/sec/g) 

5 COO H 107.2450 10.2350 1.6000 5.7621 36.8592 1.6380 
5 103 H 84.1200 9.6250 1.7050 7.8282 44.1913 1.5482 
5 106 H 85.2000 8.1100 1.4400 6.5277 36.7635 1.8654 
5 109 H 88.2600 9.1600 1.5400 6.7389 40.0836 1.6199 
5 112 H 127.4400 9.0250 1.6950 5.1369 27.3512 2.6520 

MEA N 98.4530 9.2310 1.5960 6.3987 37.0498 1.8647 
STD DEV 16.7482 .7025 .0992 .9136 5.5567 .4078 

14 coo H 23.0300 1.0100 .1100 1.8447 16.9380 2.4834 
14 102 H 27.9650 1. 1700 .2550 3.5218 16.1587 5.2093 
14 105 H 21.2250 1.0700 .1150 2.0926 19.4702 2.1320 
14 107 H 12.6350 .8550 .2750 8.4061 26.1352 4.7531 
14 108 H 20.5700 1.0250 .1850 3.4735 19.2453 3.6221 
14 109 H 19.1300 1.3400 .4350 8.7823 27.0536 4.6344 
14 111 H 14.0300 .7600 .2450 6.7444 20.9214 5.9511 
14 112 H 17.8000 1. 1000 .2950 6.4008 23.8676 4.3397 

MEA N 19.5481 1.0412 .2394 5.1583 21.2238 4.1406 
STD DEV 4.5866 .1678 .0988 2.5893 3.8112 1.2313 

15 coo H 11.2800 .2650 .1000 3.4239 9.0734 16.0627 
15 101 H 26.4900 .5950 .3800 5.5403 8.6750 28.4336 
15 102 H 14.7250 .3000 .1200 3.1475 7.8687 19.6333 
15 103 H 11. 7300 .5850 .5350 17.6153 19.2616 18.3375 
15 108 H 9.2850 .1600 .1050 4.3676 6.6554 38.0830 
15 112 H 18.0050 .4850 .3600 7.7223 10.4036 27.5557 

MEA N 15.2525 .3983 .2667 6.9695 10.3230 24.6843 
STD DEV 5.7436 .1660 .1678 4.9982 4.1565 7.5493 

20 COO H 36.3850 2.4350 1.0800 11.4640 25.8471 6.6275 
20 101 H 44.4950 3.5600 .8250 7.1611 30.9011 2.8964 
20 106 H 27.7050 2.9350 .6450 8.9916 40.9153 2.0744 
20 110 H 37.1350 2.9200 .6600 6.8643 30.3693 2.8745 
20 111 H 37.3950 3.0500 .9350 9.6568 31.5008 3.7586 
20 112 H 42.2000 3.2950 .6800 6.2235 30.1563 2.6431 

MEA N 37.5525 3.0325 .8042 8.3935 31.6150 3.4791 
STD DEV 5.2967 .3480 .1608 1.8234 4.5454 1.4926 
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22 
22 
22 
22 
22 
22 
22 
22 

29 
29 
29 
29 
29 
29 
29 
29 

31 
31 
31 
31 
31 
31 
31 
31 
31 
31 
31 

coo H 

101 H 
102 H 
103 H 
106 H 
107 H 

111 H 
112 H 

42.2450 
51.5200 
60.6000 
44.8050 
33.4950 
25.6050 
32.4800 
38.8000 

Table 3-11 (Continued) 

3.5000 
3.8650 
3.9350 
3.5550 
4.0300 
3.2500 
3.3700 
3.5850 

1. 2300 11. 2451 
1.4400 10.7950 
1.3900 8.8589 
1.3600 11. 7232 
1.4750 17.0078 
1.2650 19.0810 
1.2400 14.7449 
1.3250 13.1892 

31.9984 
28.9740 
25.0788 
30.6442 
46.4687 
49.0223 
40.0728 
35.6856 

4.2417 
4.9664 
5.4400 
4.8215 
3.0420 
3.0665 
3.5463 
4.0001 

MEA N 41.1937 3.6362 1.3406 13.3306 35.9931 4.1406 
STD DEV 10.4959 .2609 .0859 3.2009 7.9780 .8350 

101 H 
103 H 
105 H 
106 H 
107 H 

108 H 
111 H 
112 H 

MEA N 
STD DEV 

101 H 

102 H 

103 H 

104 H 
105 H 
106 H 
107 H 

108 H 
109 
110 
111 

H 

H 

H 

38.0050 
33.8900 
33.1900 
30.2000 
23.5750 
29.7700 
46.2500 
43.3500 
34.7788 
6.9853 

46.2000 
53.7150 
45.1900 
75.0650 
53.7050 
46.6750 
31.2900 
47.7600 

2.0500 
1.9800 
1.6100 
1.4900 
1.2800 
1.8850 
2.0450 
3.5950 
1. 9919 

.6607 

3.1950 
2.5050 
2.5800 
2.9850 
2.7050 
2.6300 
2.4100 
2.5550 

54.9900· 2.8250 
75.6150 
52.2650 

3.1400 
2.5200 

.2600 

.2550 

.3250 

.3450 

.2050 

.7550 

.2050 

2.6422 
2.9061 
3.7819 
4.4121 
3.3584 
9.7950 
1. 7119 

1. 2850 11. 4485 
.4544 5.0070 
.3555 3.3514 

.4300 

.2850 

.3300 

.6500 

.3900 

.2500 

.2750 

.3850 

.3000 

.2750 

.2200 

3.5947 
2.0492 
2.8204 
3.3443 
2.8047 
2.0687 
3.3944 
3.1134 
2.1070 
1.4046 
1.6257 

20.8328 
22.5647 
18.7350 
19.0552 
20.9698 
24.4550 
17.0772 
32.0291 
21.9649 

2.3513 
2.2044 
4.1614 
4.6930 
2.9498 
6.3256 
2.2671 
4.3102 
3.6578 

4.3719 1.3749 

26.7094 
18.0114 
22.0502 
15.3583 
19.4531 
21. 7624 
29.7472 
20.6615 
19.8413 
16.0382 
18.6219 

1.9461 
2.4396 
2.2404 
5.4760 
2.8625 
1.6870 
1.4815 
2.8167 
2.0671 
2.1090 
1.8106 

31 112 H 39.9250 2.5550 .3600 3.4825 24.7162 2.2017 
MEA N 51.8663 2.7171 
STD DEV 12.2657 .2496 

.3458 2.6508 

.1097 .7350 
21.0809 
4.0765 

2.4282 
1.0003 

33 102 H 98.1100 4.0550 1.0900 4.2909 15.9629 6.5037 
33 
33 
33 
33 
33 

103 H 
104 H 
105 H 
106 H 
112 H 

MEA N 
STD DEV 

65.7350 
108.5600 
71.6950 
52.5200 
75.3600 
78.6633 
19.0704 

4.0000 
4.5900 
3.3800 
3.3050 
3.3200 
3.7750 

.4791 

.6450 

.6800 

.6150 

.5850 

.5050 

.6867 

.1884 
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3.7896 
2.4192 
3.3130 
4.3020 
2.5881 
3.4505 

.7497 

23.5017 
16.3297 
18.2080 
24.3042 
17.0150 
19.2203 
3.3919 

2.6499 
3.5039 
3.8595 
2.8128 
3.4527 
3.7971 
1.2792 



Table 3-11 (Continued) 

36 COO H 56.0650 2.4750 .3450 2.3766 17.0498 3.1576 
36 101 H 74.6000 2.9650 .3950 2.0450 15.3505 3.3519 
36 104 H 92.9150 3.8100 .5200 2.1615 15.8371 3.3284 
36 106 H 48.1150 2.0550 .3550 2.8496 16.4955 4.0447 
36 107 H 23.9800 1.6300 .2700 4.3486 26.2527 2.4369 
36 108 H 34.2150 2.3100 .5950 6.7164 26.0754 3.8151 
36 111 H 77.1150 2.9100 .4950 2.4791 14.5744 4.5077 
36 112 H 60.2800 2.7550 .3650 2.3386 17.6516 2.8988 

MEA N 58.4106 2.6137 .4175 3.1644 18.6609 3.4427 
STO OEV 21.4721 .6178 .1014 1.5062 4.4236 .6170 

39 coo H 246.3050 39.0400 8.8750 13.9165 61.2170 1.4342 
39 101 H 230.0850 32.2600 7.7900 13.0763 54.1516 1.7223 
39 102 H 235.0200 35.4650 7.7800 12.7853 58.2815 1.4537 
39 103 H 193.2700 32.4600 8.0950 16.1766 64.8663 1.4849 
39 104 H 214.3950 34.8600 9.0650 16.3301 62.7983 1.5993 
39 105 H 173.2750 31.1250 8.2050 18.2885 69.3759 1.4676 
39 106 H 161.3350 30.3450 7.9500 19.0315 72.6430 1.3929 
39 107 H 167.0550 27.5200 8.0450 18.5995 63.6245 1.7746 
39 108 H 176.7750 30.5250 8.5750 18.7348 66.6914 1.6268 
39 109 H 191.8600 30.3350 7.8100 15.7218 61.0653 1.6283 
39 111 H 218.3600 31.8650 7.5000 13.2655 56.3607 1.6129 
39 112 H 236.4100 33.5900 8.0650 13.1757 54.8756 1.6899 

MEA N 203.6788 32.4492 8.1463 15.7585 62.1626 1.5739 
STD DEV 28.7645 2.8676 .4483 2.3604 5.4798 .1189 

43 COO H 179.5850 19.7300 4.8300 10.3875 42.4319 2.2282 
43 101 H 163.4000 19.7150 5.4100 12.7873 46.5994 2.2743 
43 102 H 142.5600 17.9950 6.3250 17.1356 48.7517 2.7845 
43 104 H 144.7000 19.4000 5.3100 14.1730 51.7808 2.0415 
43 105 H 126.8150 17.3050 4.7550 14.4816 52.7031 2.0136 
43 106 H 124.8350 17.3000 4.8000 14.8505 53.5236 2.0021 
43 107 H 130.5300 18.4300 5.0150 14.8387 54.5319 1.9272 
43 108 H 151.8800 19.9550 5.7850 14.7109 50.7442 2.2065 
43 109 H 147.6050 19.0750 5.5950 14.6398 49.9113 2.2697 
43 110 H 136.1400 17.2150 4.7300 13.4187 48.8379 2.1729 
43 111 H 146.4800 17.6850 4.9200 12.9725 46.6296 2.3043 
43 112 H 142.4200 19.3150 5.5050 14.9287 52.3792 2.1015 

MEA N 144.7458 18.5933 5.2483 14.1104 49.9020 2.1939 
STO DEV 14.7989 1.0104 .4755 1.5563 3.3248 .2135 
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Table 3-11 (Continued) 

45 COO H 138.7150 28.6350 9.0650 25.2394 79.7277 1.5335 
45 101 H 137.1150 30.0950 9.0800 25.5762 84.7705 1.3746 
45 102 H 153.7050 31.5000 9.8500 24.7505 79.1513 1.5258 
45 103 H 146.4950 30.4050 9.5750 25.2436 80.1600 1.5173 
45 104 H 150.0750 28.8950 8.9900 23.1359 74.3618 1.6159 
45 105 H 125.3900 26.8350 8.6150 26.5355 82.6559 1.5001 
45 106 H 114.4600 24.4850 8.5750 28.9345 82.6193 1.6371 
45 107 H 121.1150 24.7350 8.9050 28.3969 78.8768 1.7628 
45 108 H 120.3150 26.9850 9.0500 29.0512 86.6239 1.4953 
45 109 H 113.7850 27.1300 9.1550 31.0748 92.0874 1.4153 
45 111 H 112.4650 27.2250 8.8850 30.5123 93.4944 1.3482 
45 112 H 126.9300 29.4650 8.8950 27.0656 89.6556 1.3005 

MEA N 130.0471 28.0325 9.0533 27.1264 83.6820 1.5022 
STO OEV 14.0797 2.0921 .3438 2.3642 5.5766 .1255 
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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 (COO) 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 COO 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 COO. 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 coberence of ground motion. 
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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): 

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 POA exhibits lower attenuation (d=-O.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 POA to POV to 

POD, 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 POD attenuates more rapidly than the higher 

frequency POA, 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 POA to POD, 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 Qa and Q 6 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 of12 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 12 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 Y / 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 /y2
, the present findings for the vertical component are 

slightly above the recommended value of 6 (Hall et aI., 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 5.5, 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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