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ABSTRACT

In this report, we present a method for direct scaling of Pseudo

Relative Velocity Spectra (PSV) in terms of (i) earthquake magnitude,
M, and epicentral distance, R, or (ii) Modified Mercalli Intensity
(MMI) at a site. These models also depend directly on the geologic
site conditions and are presented for horizontal and for vertical
ground motions. This scaling is realized by means of ''coefficient'"
functions which are determined through regression analysis of computed
PSV spectra from recorded accelerograms. The resulting shapes and am-

plitudes of PSV spectra depend on all scaling parameters.

One of the principal advantages of the proposed method is that the
ambiguities associated with the scaling of the fixed shape spectra by
means of peak amplitudes of ground motion are now completely eliminated.
The 91 direct regressions of 372 horizontal and 186 vertical spectra, at 91
periods, smoothed over all periods, lead to more complete and reliable
sampling of the frequency-dependent characteristics of strong ground

motion than the correlations of peak amplitudes alone.






INTRODUCTION

This'is the fourth in a series of reports devoted to detailed charac-
terization of strong earthquake ground motion. This series has been
initiated with two reports which presented preliminary correlations
of the duration of strong shaking in terms of (a) earthquake magnitude,
M, epicentral distance, R, geological site conditions, s, and the com-
ponent direction (Trifunac and Westermo, 1976a), and (b) in terms of
Modified Mercalli Intensity (MMI) at the recording station, geologic
site conditions, s, and component direction (Trifunac and Westermo,
1976b). The third report (Trifunac and Anderson, 1977) presents func-
tions for scaling absolute acceleration spectra, SA, in terms of
scaling parameters in (a) and (b) above. Together with the correla-
tions of Fourier amplitude spectra with earthquake magnitude and
epicentral distance (Trifunac, 1976a) and Modified Mercalli Intensity
(Trifunac, 1978a) it showed that it is now becoming feasible to charac-
terize all response spectrum amplitudes in terms of those simple
scaling parameters which are often used in routine estimation of the
effects of possible earthquake-induced shaking.

In this report, the methodology already applied to scaling of
absolute acceleration, SA, will be used to develop analogous functionals
for scaling of Pseudo Relative Velocity spectra, PSV. Detailed defini-
tions of these spectra, their uses and other references on response
spectrum approach can be found in the report by Hudson, et. al., 1972.
For completeness in presentation, only the most general properties of

these spectra are mentioned here briefly.



The functional called absolute acceleration spectrum, SA, represents
the maxima of the'absolute acceleration response of a single-degree-of-
freedom viscously damped oscillator during transient excitation of its
support by a single component of ground motion. It is plotted versus
undamped natural frequency or period of the single-degree-of-freedom
oscillator and usually for five fractions of critical damping ranging
from 0.0 to 0.20. The Pseudo Relative Velocity spectrum, PSV, represents
the maximum of relative displacement response multiplied by its natural
circular frequency. PSV spectrum is often plotted on the Log-log scale
because such presentation enables one to estimate from the same diagram
not only the PSV amplitudes, but also the relative displacement spec-
tra, SD, and approximately the absolute acceleration spectra, SA, for
the samé excitation.

As we noted in our previous report (Trifunac and Anderson, 1977)
the availability of only very simple scaling parameters for scaling
earthquake shaking like earthquake magnitude, M, and epicentral dis-
tance to the source, R, or the Modified Mercalli Intensity (or its
equivalent) at the site, limits our ability to develop empirical scaling
models which would be based on more direct and physical parameters de-
scribing the earthquake motions. Many recent studies have suggested
that scaling of strong shaking, especially in the near-field, in terms
of seismic moment, maximum dislocation and stress drop would be better
than in terms of M and R, for example. However, the lack of enough
of this data to permit statistical treatment in seismic risk studies

suggests the use of M and R or MMI at the site and of s and v.



The data on PSV spectra have been extracted from Volume II tape
(Trifunac and Lee, 1973) which contains all Fourier and response spectra
for 381 uniformly processed strong-motion accelerograms (Hudson, et. al.,
1972). Of these, 186 represent ground motion records in free field or
in the basements of buildings and are suitable for this analysis. The
distribution of these records among different magnitude and intensity
levels, site conditions, distances and éarthquakes which generated them
have been summarized by Tables Ia and‘Ib in Trifunac and Anderson (1977).

The PSV spectra computed from hand-digitized accelerograms contain
variable amounts of digitization .and processing noise. The average
amplitudes of this noise depend on frequency, fraction of critical
damping and on the total duration of digitized accelerograms. The re-
port by Trifunac (1978b) presents these noise spectra for all records
used in this study and summarizes the procedures and assumptions em-
ployed to derive these estimates of PSV noise spectra. Here, it will
be assumed that such approximate characterization of digitization noise
is adequate for the purposes of this report and the average and average-
plus one standard deviation of amplitudes of PSV spectra of noise will

be used in an approximate way to reduce the contribution of noise to

PSV spectral amplitudes used in regression analyses of this report.



EMPIRICAL MODELS FOR SCALING PSV SPECTRA

To scale empirically the PSV spectral amplitudes we employ two
equations proposed by Trifunac (1976, 1977a) and by Trifunac and

Anderson (1977), mutatis mutandis these equations become

loglO[PSV(T),p] =M+ 1oglOAO(R) - a(T)p - b(T)M - c(T) - d(T)s
- e(T)v - £(TM - g(TIR (1)

and
loglO[PSV(T),p] = a(T)p + b(T)IMM + c(T) + d(T)s +e(T)v (2)

Here M is earthquake magnitude (for most data points, M is M_, Richter,

L)
1958), 1og10Ao(R) (Table I) represents an empirical function (Richter,
1958) which determines the amplitude attenuation with distance, R (in

km), from the reported earthquake epicenter. The "confidence level' p,

between 0.1 and 0.9 approximates the probability that PSV(T),p will not

be exceeded. The term s represents geologic site conditions (s=0 for allu-
vium sites, s=2 for basement rock sites and s=1 for intermediate site
conditions). Table 4 of Trifunac and Brady (1975) illustrates the rough
nature of this classification which, in essence, represents a binary
division of all recording sites into alluvium (s=0) and basement rock
(s=2). s=1 has been used only for those cases where the geometry of a
geologic setting is complicated or the knowledge about the site is
incomplete to allow s=0 or s=2 classification. Clearly such classifi-
cation is very rough since it neglects all geological characteristics of
alluvium as well as the three-dimensional variations of the velocity and
rigidity of materials through which earthquake waves propagate. A number

of preliminary studies by the authors have shown, for example, that the



TABLE I

*
loglvo(R) Versus Epicentral Distance R

R (km) —loglvo(R) R (km) —loglvo(R) R (km) -loglOAo(R)
1.400 140 3.230 370 4.336
1.500 150 3.279 380 4.376
10 1.605 160 3.328 390 4.414
15 1.716 170 3.378 400 4.451
20 1.833 180 3.429 410 4.485
25 1.955 190 3.480 420 4.518
30 2.078 200 3.530 430 4.549
35 2.199 210 3.581 440 4.579
40 2.314 220 3.631 450 4.607
45 2.421 230 3.680 460 4.634
50 2.517 240 3.729 470 4.660
55 2.603 250 3.779 480 4.685
60 2.679 260 3.828 490 4.709
65 2.746 270 3.877 500 4.732
70 2.805 280 3.926 510 4.755
80 2.920 290 3.975 520 4.776
85 2.958 300 4.024. 530 4.797
90 2.989 310 4.072 540 4.817
95 3.020 320 4.119 550 4.835
100 3.044 330 4.164 560 4.853
110 3.089 340 4.209 570 4.869
120 3.135 350 4.253 580 4.885
130 3.182 360 4.295 590 4.900

* Only the first two digits may be assumed to be significant.




overall depth of alluvium and sedimentary deposits beneath the site can
be used to replace s and to refine equations (1) and (2). Such correla-
tions will be presented in future reports.

From a practical viewpoint, however, it must be remembered that the
details of the available knowledge on the geologic characteristics of
a site will vary and that in some cases, information on the depth of
alluvium may not be available. Thus, it appears useful to have available
empirical correlations which are based on s=0, 1 and 2 classification as
well. In equations (1) and (2), v designates vertical or horizontal
components of PSV spectra (v=0 for horizontal and v=1 for vertical).

The amplitudes of functions a(T), b(T), ..., g(T) have been determined
at selected periods, T, by regression analyses of the data equal to
loglo[PSV,p] - M - loglvo(R) for equation (1) and loglO[PSV(T),p] for
equation (2). At each period, T, the details of regression analysis are
then identical to those described by Trifunac (1976a). Other properties
of equations (1) and (2) and the significance of loglOAo(R) and g(T)
have been discussed by Trifunac and Anderson (1977). Since all their
procedures apply equally to PSV spectral amplitudes in this report, we
will assume that equations (1) and (2) should represent suitable correla-

tion functions for scaling PSV spectra as well.

a. Correlations in Terms of M, R, P, S, and v

Figure 1 and Table II contain the results of regression analysis
in which equation (1) was fitted to computed PSV spectrum amplitudes.
Following identical procedures as in Trifunac and Anderson (1977),

functions a(T), b(T), ..., f(T) and g(T) were computed by a least
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squares fit at 91 periods and for ¢z = 0.0, 0.02, 0.05, 0.10 and
0.20. These estimates displayed random fluctuations similar to
those shown in Figure 2 of Trifunac (1976). The smoothed version
of a(T), b(T), ..., g(T) shown in Figure 1 results from low-pass
filtering of least squares fitted data with an Ormsby filter along
logiOT axis.

It is seen that equation (1) represents a parabola in M for
fixed values of T, s, p, v and R. Following the discussion of
Trifunac and Anderson (1977) and for the reasons which apply to PSV
amplitudes it is seen that equation (1) can be changed to become

loglOAo(R) - loglo[PSV(T),p]

-M + ap + bM +c+ds + ev + fM2 +gR M=M
max max max max
= —M+ap+bM+c+ds+ev+fM2+gR MminsMSMmax
2
-M + ap + mein +c+ds + ev + mein + gR M= Mmin

where Mmin = b/2f and Mmax = (1-b)/2f. Figure 2 presents Mmax
for different ¢ and plotted versus T. Table III present Mmin and
Mmax for ¢ = 0.0, 0.02, 0.05, 0.10 and 0.20 and for eleven selected
periods. It is seen that the magnitudes in this table are similar

to the values in Table VI of Trifunac and Anderson (1977) and

that M_. is in the range from about 4 to about 5.5 while M
min - max
is generally between 7.5 and 8.5.
Since most earthquakes which contributed to the data used in
i i . , strictly speak-
this study fall in the range between Mmin and Mmax y sp

ing, equation (1) could be considered valid only in that interval.

The physical nature of simple theoretical models of earthquake
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source then suggests approximate extension of (1) outside the inter-

val between Mmin and Mma as shown above. As we noted in our

X

previous work, the parabolic dependence of amplitudes on M
represents only a convenient and simple approximation to as yet
unknown detailed dependence of these amplitudes on M.

The function a(T) in Figure 1 decreases from about -1 at
T = 0.04 sec to approximately -1.75 near T = 10 sec. Very similar
in shape and amplitudes to a(T) for scaling SA spectra (Trifunac
and Anderson, 1977), this function shows that the distribution of
spectral amplitudes about the mean level broadens in going from
short to long periods. Thé ratio of spectral amplituies wiich re-
present approximately the top and bottom boundaries of 8C confidence
intervals then increase from about 6 for T = 0.04 sec to over 25 for
T = 10 sec.

Functions b, ¢, d, e, f, and g in Figure 1 are similar to those
we computed for scaling of SA spectra. Functions b(T), c(T), and
f(T) reflect the differences in the units (in/sec and g's) which
have been used for scaling of PSV amplitudes in this report and in
the report for scaling of SA amplitudes and the fact that
sa = 2 psv.

Figures 3 through 12 present examples of horizontal and vertical
PSV spectral amplitudes for ¢ = 0.00, 0.02, 0.05, 0.10 and 0.20, for
p = 0.5 in equation (1) and for R = 0. To facilitate comparisons
with the correlations based on equation (2) which will be discussed
later in this report, we chose to plot spectra for R = 0. However,

equation (1) can be considered to describe PSV amplitudes empirically

only in the range of epicentral distances, R, for which the data is
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available (from about 20 km to about 200 km). Figures 3 through 12
also present spectra for alluvium sites (dashed lines, s=0) and for
basement rock sites (full lines, s=2). The spectra for M=8.5 have
been drawn with lighter lines to emphasize that data are available
now only for magnitudes less than 7.0 to 7.5, and that spectra for
M=8.5 represents an extrapolation based on equation (1). These
figures further show the average and average plus one standard de-
viation of PSV amplitudes that would result from processing and
digitization noise that are present in all records used in this
report. These PSV spectra of noise have been presented as functions
of ¢ and the length of digitized records.

The spectra in Figures 3 through 12 illustrate the rate at which
spectral amplitudes increase with magnitude and show that beyond
M=7.5, PSV amplitudes as modeled by the above equations essentially
cease to grow. Such behavior is a direct conseqﬁence of the assumed
functional dependence of PSV spectra on M but its plausibility seems
to be supported by simple‘theoretical models (Trifunac, 1973) and
by a direct scaling of peak acceleration, peak velocity and peak
displacement data with respect to magnitude (see Figures 5, 6 and 7
in Trifunac and Brady, 1976). Current research by the authors which
deals with' similar scaling of spectral amplitudes supports this trend
by showing that the function f(T) is significantly different from

zero for essentially all periods T considered in this study.

Spectra in Figures 3 through 12 and for M= 4.5 have been plotted only
for periods T less than about 2 sec, the period range where equation

(1) may be essentially unaffected by the noise. Even though the



-25-

approximate noise elimination scheme of Trifunac and Anderson (1977)
has also been applied in this work, the quality of available data
for T longer than about 2 sec is such that the functions a(T) through
g(T) still reflect some noise content for T2 sec.

Figures 13 and 14 show the changes of PSV spectra with epicentral
distance, R=200 km. It can be seen from these figures that equa-
tion (1) predicts only minor changes in the shape of spectral ampli-
tudes with increasing R, since |g(T)| is less than 0.001 for all T
considered in this study. The amplitude attenuation with distance
is thus dominated by the terms loglOAo(R) in equation (1). For dis-
tances less than approximately 200 km, loglvo(R) and g(T)R can be
combined as loglvo(R) + R/1000 to describe complete dependence of
amplitudes with epicentral distance.

In many simplified methods for scaling response spectrum ampli-
tudes in terms of peak acceleration it is customary (Housner, 1970;
Seed, et. al., 1974; Newmark and Rosenblueth, 1971) to use a fixed
shape response spectrum and to determine its amplitudes so that
for T+ 0, %; PSV spectrum approaches the amplitude of absolute peak
acceleration. In our earlier work we showed how this approach com-
pares with the normalized absolﬁte acceleration spectra when the
changes of spectrum shape are related to magnitude and geologic
site conditions (Trifunac and Anderson, 1977). In this report, we
present the corresponding comparison for PSV spectra normalized so
that [normalized PSV(T)] = [0.04 PSV(T)]/[T PSV(0.04)]. Since

2m

SA==H; PSV this normalization approximates [normalized SA(T)] =

SA(T)/SA(0.04) so that Figures 15 through 24 should resemble
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Figures 18 through 27 of Trifunac and Anderson (1977). Detailed
comparison of these figures shows that this is indeed the case.
Figures 15 through 24 show such normalized spectra for M=4.5 and
7.5, for s=0 and 2, horizontal and vertical ground motion and for
p=0.5 to facilitate comparison with the previous reports dealing
with SA spectra.

Figures 25 through 30 show the comparison of PSV spectra com-
puted from Pacoima dam accelerogram and El Centro accelerogram with
the spectra for p=0.1 and 0.9 computed from equation (1). The PSV
spectra in Figures 25, 26 and 27 have been computed for M=6.4,
R=9.1 km and s=2. These parameters approximate the conditions at
the Pacoima Dam site during the San Fernando, California, earthquake
of 1971. The spectra in Figures 28, 29 and 30 have been computed
for M=6.4, R=15 km and s=0, the conditions during the Imperial
Valley, California, earthquake of 1940. The interval between
the computed spectra for p=0.1 and 0.9 and for a chosen value of 4
then represents approximately the 80% confidence interval where
spectra of recorded motions would be expected to lie. As can be
seen from Figures 25 through 30, the agreement between the spectra
of recorded motions and the spectra from equation (1) is good.
Figure 30 shows an example of worse than typical agreement between
the spectra of recorded motion at El Centro and the scaling with

equation (1).

Correlations in Terms of IMM, p, S, and v

Figure 31 and Table IV contain the results of the regression
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analysis based on equation (2) and the data on PSV amplitudes. The
functions a(T), b(T), .., e(T) have been computed at 91 periods

for which PSV spectra are available (Trifunac and Lee, 1973) and
then low-pass filtered along logloT axis with an Ormsby filter.
Figure 31 shows the resulting smoothed functions for z = 0.0, 0.02,
0.05, 0.10 and 0.20. Table IV presents the amplitudes of these
functions and of a(T), B(T) and N(T) (see the following section en-
titled, "Distribution of Spectral Amplitudes' for definition of a(T),
B(T) and N(T)) at eleven selected periods.

Equation (2) assumes linear dependence of PSV amplitudes on
Modified Mercalli Intensity levels, IMM' This assumption is the same
as in several other related regression analyses which are all based
on MMI as a scaling parameter. In this report, it should be noted
again that there is no known direct physical basis which would
support the assumption we use here that MMI levels can be assigned
to a linear numerical scale ranging from 1 to 12. It appears, how-
ever, that the departures from such simple assignment, as judged
from the available data, may not be significant (Trifunac, 1976b;
Trifunac and Anderson, 1977). Several recent studies of the overall
uncertainties in earthquake risk estimates (Anderson, 1978) have
shown that the estimates of the uniform risk spectra of FS based
on equation (2) lead to the distributions of estimated amplitudes
which have smaller standard deviation than their counterparts based
on equation (1). This suggests that from the practical viewpoint,

the assumptions in equation (2) may not affect the final results in
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risk calculations in a significant way.

Functions a(T), b(T), d(T), and e(T) are very similar to the
corresponding functions in Figure 34 of Trifunac and Anderson (1977)
which present similar correlations but for SA spectra. Functions
c(T) differ, however, because SA==%§-PSV and because in the analy-
sis of SA, the amplitudes were in units of g, the acceleration of
gravity (9.81 m/secz, 386 in/secz) while in this report, all PSV
amplitudes are in in/sec.

Figures 32 through 41 present PSV spectra plotted for the MMI
levels ranging from 4 to 12, s=0 (dashed line) and s=2 (full lines),
z = 0.0, 0.0é, 0.05, 0.10 and 0.20 and for p = 0.50. Heavy lines
for MMI in the range from 4 to 8 show approximately the range where
equation (2) may apply. Outside this range, for MMI >8, essen-
tially no data is now available and curves for MMI = 10 and 12 are
only shown for completeness in presentation. Figures 32 through 41
also show the average and average plus one standard deviation of
PSV spectrum amplitudes computed from digitization noise. For small
MMI levels (4 and 6) PSV spectra intersect the spectra of digitiza-
tion noise at periods typically longer than 1 to 2 sec. For small
intensities and periods, the functions a(T) through e(T) in (2)
are affected by the digitization noise and equation (2) ceases to
predict accurately PSV amplitudes in this long period range. To
illustrate this, the curves for MMI levels assignéd to 4 and 6 in
Figures 32 through 41 have been drawn only up to the periods where

PSV spectra approach the amplitudes of noise spectra. Since a(T)
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is between 1.3 and 1.5 in this period range the 80% confidence
interval for PSV amplitudes covers approximately one order of mag-
nitude and the period where a PSV spectrum for a chosen p will
intersect the noise spectrum will clearly depend on p. The esti-
mates based on equation (2) should then be considered only if the
results are above the noise spectra.

Figures 42 through 47 present selected examples of the comparison
of the PSV spectra computed from equation (2) and the spectra of re-
corded accelerations and illustrate the width of the 80% confidence
interval for PSV amplitudes. PSV spectra of accelerations recorded
at the Pacoima Dam site are in fair agreement with the extrapolated
spectral amplitudes at MMI = 10. The amplitudes and the shapes of
the PSV spectra for E1 Centro accelerograms, even though not incon-
sistent with the estimates based on equation (2) suggest that a
more detailed scaling, perhaps involving a number of source mechanism
parameters, may be required to describe PSV spectra in this case.

The data which is now available for scaling of any characteris-
tic of strong ground motion in terms of MMI scale is perhaps mar-
ginally adequate to describe MMI levels V, VI and VII. Few data
points that are available for MMI = IV and VIII suggest that various
regression equations derived from data for MMI = V, VI and VII are
most probably applicable to the whole range from MMI = IV to VIII.
For greater intensities there are essentially no measurements and
the lack of any known physical basis for extrapolation beyond
MMI = VIII further limits our ability to develop some other in-

ferences on how to scale PSV amplitudes in that range. In the two
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related studies, we noted, however, that if the equation (2) has
approximately correct slope b(T), and since it seems unlikely that
the logarithms of PSV amplitudes change with IMM more abruptly for
IMM> 8 than for 4< IMM< 8, that a useful check may be to compare
equations (1) and (2) for M=8.5, R=0 and for MMI = 12, respec-
tively. Neither of these equations apply for these M, R, and MMI
levels since there is no data there. However, the degree of extra-
polation for equation (2) is considerably greater in going from the
range 4<<IMN<:8 to IMM = 12 than for equation (1) in going from
4<M<7 to 8.5 and from 20<R< 200 to R = 0. Consequently, a check
for consistency between equations (1) and (2) énd especially for

the slope b(T) in (2) is to compare the predicted amplitudes in the
range for the largest possible levels of shaking. Such comparison

is shown in Figures 48 and 49. It shows that the two regression
models are not inconsistent for intermediate and long periods. For
short periods, equation (2) either overestimates the PSV amplitudes
or equation (1) underestimates them. These figures then suggest

that the functional form in equation (2) when MMI levels are assigned
to the linear numerical scale 1, 2, ... through 12 and where the
1og10PSV grows linearly with IMM probably lead to a fair estimation
of b(T). This further suggests that even if extrapolated to MMI = IX,
and perhaps even X, equation (2) might still yield a useful estimate

of possible spectrél amplitudes.
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DISTRIBUTION OF SPECTRAL AMPLITUDES

The regression analyses for equations (1) and (2) have been per-
formed in terms of the variable p which was selected to approximate
the probability of not exceeding the spectral amplitudes. In these
equations, p is not a probability but for 0.1<p=<0.9 it is a linear
approximation for the cumulative distribution of data with respect to
equations (1) and (2). Figures 50 and 51 show how this approximation
has been realized. In these figures, the actual cumulative distribution,
P> of all available data with respect to equations (1) and (2) have
been plotted for 9 values of p. Since this p represents a linear ap-
proximation to P, and following the procedures suggested by Trifunac
and Anderson (1977), in this section of the report, we will change the
notation and use P, instead of p.

The amplitudes of P, versus p, in Figures 50 and 51 have been com-
puted by smoothing the computed distribution amplitudes for all avail-
able data points at 91 periods. These figures can then be used to
find the actual distribution functions of data at any period or to
interpolate a value of Py which would yield spectral amplitudes for (1)
and (2) that correspond to the desired actual probability, P, of not
being exceeded. However, for some applications in the computation of
seismic risk, for example, it is useful to have continuous analytical
relation between P, and Py - The purpose of this section is to present
such functional relationship.

It has been shown that the distribution of the logarithms of Fourier
amplitude spectra can be approximated by a Gaussian distribution func-

tion (Anderson and Trifunac, 1978) and that the same assumption is
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rejected with a high degree of confidence in similar descriptions of
SA (Trifunac and Anderson, 1977). Consequently, to derive a meaningful
analytical model for approximate description of spectral amplitudes,

in this report we follow the steps proposed for SA spectra. In this
approach, it is assumed that, since ¢ is small, maxima of relative
response follow the Rayleigh distribution. If N(T) is the number of
response peaks dccurring during the time interval that produces the

spectrum amplitudes, then it can be shown (Trifunac and Anderson, 1977)

that

p,(T) = [1-exp(-e*(PPy * BN (3)

where the values for o(T), B(T) and N(T) can be chosen on the basis of
data in Figures 50 and 51. It can be shown that o(T), B(T) and N(T)
should depend at least on M or IMM’ R, s, and v, and that (3) formally
gives the distribution of amplitudes for a single event or a group of
events which all have the same parameters. Therefore, (3) may not
apply for the entire data set represented in Figures 50 and 51. The
calculation of Trifunac and Anderson (1977) and the subsequent re-
sults in this report suggest, however, that (3) does represent a useful
analytical approximation for the relationship between P, and Py - Sub-
sequent Kolmogorov-Smirnov (K-S) and x2 tests further suggest that (3)
has the capability to describe the data on p, versus pg.

To avoid difficult nonlinear fitting procedures we have calculated
the values of a(T) and B(T) for different values of N(T) ranging from
1 to 1000 and plotted the intervals of N where the x2 (Figure 52) and
K-S (Figure 53) tests suggest the acceptance of equation (3) at the 95%

confidence level. In Figures 52 and 53 the best values of N are
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Summary of the results of the statistical X? test for distribution
of form (3) relating py and pg for the regression of log,;o[PSV] as a
For each of 11 periods, we have plotted
an integer (1-5) at the value of N which leads to the smallest value of
X“. The vertical line shows the range of N which leads to a value of
the X2 statistic which is small enough that the corresponding distribu-

function of Pg> M, R, s, and v.

tion is not rejected at the 95% confidence level.
is circled, the best value of x® is rejected.

Where the integer (1-5)
The integers 1-5 refer to

the value of damping: 1 for ¢ = 0.0; 2 for ¢ = 0.02; 3 for ¢ = 0.05; 4

for £ = 0.10; and 5 for ¢ = 0.20.

The values of N which might be expected from the results of Trifunac
and Westermo (1976a) for a magnitude 6.5 earthquake at 0 km and 100 km

are shown.

For reasons described in the text, we chose the value of N

to be integers approximately equal to the straight line through the
data, which has the equation N = 6.5/T.
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Results of the Kolmogorov-Smirnov statistical test to determine
which values of N are acceptable to fit the data of py vs. py for the

regression of PSV with magnitude and distance. Other symbols are as
in Figure 52.
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indicated with numbers 1-5 which also identify the corresponding frac-
tions of critical damping, 1: ¢ = 0.0; 2: € =0.02: 3: ¢ = 0.05; 4:
¢ =0.10; and 5: ¢ = 0.20.

The best values of N(T) in Figures 52 and 53 decrease with increasing
period, in agreement with what one would expect if N(T) is twice the dur-
ation of strong shaking divided by T. However, the best values of N(T)
are considerably smaller than the values of N that would result from
the above relation with D computed from the frequency dependent empiri-
cal scaling relations for D in terms of magnitude and epicentral distance
(Trifunac and Westermo, 1976a). Examples of N computed in this way are
shown in Figures 52 and 53 for M = 6.5, and R = 0 aﬁd 100 km. The de-
finition of duration in Trifunac and Westermo (1976a,b) is based on the
time interval during which 90% of '"energy" of strong shaking is recorded
at a station. The best value of N ih (3) appears to be more sensitive
to a shorter time interval which contributes significantly to the
maximum response amplitude only. These differences may also result
because of the assumption that the theory based on stationary time
series can be used to derive (3), as well as because of considerable
contributions to the computed durations from processing and recording
noise (Trifunac and Westermo, 1976a,b) for long and short frequencies.
Since the object of this report is merely to derive a useful analytical
approximation for p, versus p, and of a form which does not violate
a number of simple physical principles which are expected to govern
this relationship, we select the approximate relationship N(T) = 6.5/T.

With N = greatest integer [6.5/T] and N = 1 when 6.5/T < 1, the

best values of a(T) and B(T) have been calculated and plotted in
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Figure 54. This figure also presents the mean and standard deviation
of the p, versus p, distribution and the computed X2 and the largest
K-S difference versus T for the chosen a(T), B(T), and N(T), and for

¢ ranging from 0.0 to 0.20. It is seen from this figure that at the
95% confidence level, equation (3) leads to P, which is not acceptable
only for ¢ = 0.0 and for short periods T<0.1 sec. For longer periods
and higher damping, P, is accepted at the 95% confidence level.

Figures 55 and 56 present the values of permissible N(T) when
equation (3) is applied to the data scaled in terms of MMI. Again,
those values of N for which X2 and K-S differences are smallest have
been designated with numbers 1-5 where 1 corresponds to ¢ = 0.00 and 5
to £ = 0.20, respectively. In contrast with Figures 52 and 53, but
similar to Figures 60 and 61 in Trifunac and Anderson (1977), Figures
55 and 56 show that N, computed from N = 2D/T, when D comes from
Trifunac and Westermo (1976b) and for MMI levels V, VI and VII, is much
greater than required by X2 and K-S tests. The reasons for this are
similar to those mentioned earlier for data in Figures 52 and 53, but
may also be related to the fact that the MMI is a function of both the
amplitude of shaking and of the duration as discussed by Trifunac and
Anderson (1977).

We chose N(T) = 2 for T < .4 sec and N = 1 for T > .4 sec. With
these values of N(T) functions a(T) and B(T) and the resulting u(T) and
0(T) are as shown in Figure 57 and Table IV. The bottom part of Figure
51 then shows that except for some long periods, equation (3) can be
accepted with 95% confidence level. The corresponding K-S test suggests

that the model in equation (3) is acceptable for all T and Z.
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Parameters for one set of distributions (3) which approximately
give p, as a function of py. The upper curves give a, B, and N (equa-
tion (3)). N is quantized, but the individual integers cannot be
illustrated on this scale, so N is drawn as a continuous line.

The central section gives the parameters U and ¢ derived from o, B
and N using equations (6) through (9) in Trifunac and Anderson (1977).
The lower sectlon shows the statlstlcal quality of fit by the Kolmogorov-
Smirnov and the x? criteria. The x> test can be recognized by its
smaller amplitudes for perlods in the central portion of the graph. The
levels marked K-S (95%) and x? (95%) are those which, if exceeded, lead
to rejection of the assumed distribution at that frequency. The five
lines are for the five values of damping, as indicated.

3
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Results of the x? statistical test to determine which values of N
are acceptable to fit the data of p, vs. py for the regression of PSV
with Modified Mercalli Intensity. The upper lines show those N which
might be expected on the basis of results of Trifunac and Westermo (1976b)
for intensity V, VI and VII shaking. For the later regression, we chose
the N indicated by the light line. Other symbols are as in Figure 52.



-80-

1 boj

GL80 8v9°0 0o2v 0 €610 v€00— 1920— 68v0- 9IL0—- ¢€v60- 1L1'1— 86¢°1—
—— —— —~— —— —~— —— — —— — — —
— sbeel sbee ! sveel Shbeel —— Gbe2 | —— GbEZ
- — _— — | | -Sveel sbveel sveel sbeel sveel

NN

S

= piEH

01434143 S-) A9 N 3jq0}dadoy

X

4

ol

0¢

06

00l

00¢

00s

0001

FIGURE 56

Equivalent of Figure 55, except that it shows the results of

the Kolmogorov-Smirnov test.
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Equivalent of Figure 54 for the regression of PSV with intensity
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CONCLUSIONS

In this report, we have presented two regression analyses which
result in empirical scaling relationships for PSV spectrum amplitudes
in terms of either (a) magnitude, M, epicentral distance, R, or (b)

MMI at a site. These models have also considered the direction of
ground motion for which PSV is calculated, i.e., horizontal (v=0) or
vertical (v=1) components, geologic_site conditions at the recording
station (s=0 for alluvium, s=2 for basement rocks and s=1 for interme-
diate sites) as well as the distribution of all data about the assumed
empirical models.

The data, the method of analysis and the results of this work in
many respects duplicate what we presented earlier for scaling of SA
spectra (Trifunac and Anderson, 1977). For this reason, the discussions
in this report have been kept as brief as possible to reduce unnecessary
repetition and to summarize the main results as quickly and as directly
as possible. Some repetition, however, could not be avoided since it
would have resulted in an incomplete and not a self-contained report.

We noted at a number of places‘in the text, that amore detailed discussion
can be found elsewhere. To a reader who is interested in considerable
detail, we suggest to study our earlier report on SA spectra (Trifunac
and Anderson, 1977) first and then to turn to this report. Mutatis
mutandis virtually all details of our earlier report apply here as well.

Essentially all assumptions and regression results in this report
are consistent with our earlier findings about Fourier amplitude spec-
tra (Trifunac, 1976,78) and SA spectra (Trifunac and Anderson, 1977).

These are:
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1. The rate of growth of spectral amplitudes decreases with in-
creasing magnitude.

2. Spectral amplitudes at high frequencies tend to be higher on
basement rock sites (s=2) than on alluvium sites (s=0). This
trend is consistent in all empirical models studied, so far,
but the differences in spectral amplitudes seem not to be sig-
nificant at high frequencies. At long periods, this trend is
reversed and becomes significant.

3. The differences in amplitudes of horizontal versus vertical
PSV spectra depend on the period T and cannot be approximated
by a constant.

4. The scatter of PSV spectrum amplitudes abouf the regression
model (1) in terms of earthquake magnitude, M, and epicentral
distance, R, is not smaller than the scatter of the same ampli-
tudes about the empirical model (2) in terms of MMI.

5. The distribution of PSV spectrum amplitudes about the two re-
gression models (1) and (2) is not inconsistent with the assumed
Rayleigh distribution of the peaks of response amplitudes.

6. For the largest possible levels of strong shaking and well
outside the range where equations (1) and (2) apply, we found
that these two empirical models are consistent.

Finally, it should be noted that, as for other related models, the
results of this report should be considered as preliminary since when
more abundant and complete data becomes available, it will be possible
to develop better, more detailed and more complete empirical scaling
methods. In the meantime, the models presented here may serve as an

interim basis for estimation of PSV amplitudes and for known or assumed
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parameters describing the strong shaking. In deriving these models we
made every effort possible to select a model and a method which are
most closely related to the physics of the problem. The lack of de-
tailed knowledge on many of these processes and the limited number of
data points available have obviously limited our success at the very
onset. The large standard deviation of the distributions about the
models proposed here reflect these uncertainties. The reader should

therefore keep in mind these limitations while using the models pre-

sented here.
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