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PRELIMINARY ANALYSIS OF THE PEAKS OF STRONG EARTHQUAKE
GROUND MOTION—DEPENDENCE OF PEAKS ON EARTHQUAKE
MAGNITUDE, EPICENTRAL DISTANCE, AND RECORDING
SITE CONDITIONS

By M. D. TRIFUNAC

ABSTRACT

Analyses of peak amplitudes of strong earthquake ground motion have been
carried out with the emphasis on their dependence on earthquake magnitude, epicen-
tral distance, and geological conditions at the recording site. Approximate empirical
scaling functions have been developed which, for a selected confidence level, yield
an estimate of an upper bound of peak accelerations, velocities, and displacements.
The parameters in these scaling functions have been computed by least-squares
fitting of the recorded data on peak amplitudes which are now available for a range
of epicentral distances between about 20 and 200 km and are representative for
the period from 1933 to 1971 in the Western United States.

The possibility of extrapolating the derived scaling laws to small epicentral
distances where no strong-motion data are currently available has been tested
by comparing predicted peak amplitudes with related parameters at the earthquake
source. These source parameters (average dislocation and stress drop) can be
derived from other independent stndies and do mnot contradict the inferences
presented in this paper. It has been found that for an approximate 90 per cent
confidence level the presently available data suggest that peak accelerations,
velocities, and displacements at the fault and for the frequency band between
0.07 and 25 Hz probably do not exceed about 3 to 5 g, 400 to 700 cm/sec, and
200 to 400 cm, respectively.

The logarithms of the peaks of strong ground motion seem to depend in a linear
manner on earthquake magnitude only for small shocks. For large magnitudes this
dependence disappears gradually and maximum amplitudes may be achieved for
M = 7.5. The influence of geological conditions at the recording site appears to be
insignificant for peak accelerations but becomes progressively more important for
peaks of strong-motion velocity and displacement,

INTRODUCTION

Since the early 1940’s, numerous empirical scaling functions have been proposed and
developed for prediction of peak ground acceleration as a function of earthquake magni-
tude and epicentral distance. Some other pertinent parameters which can be related to the
characteristics of the recording sites have also been considered by several authors (Guten-
berg and Richter, 1942; Newmann, 1954; Gutenberg and Richter, 1956; Blume, 1965;
Housner, 1965; Kanai, 1966; Milne and Davenport, 1969; Esteva, 1970; Cloud and
Perez, 1971; Donovan, 1972; Page et al., 1972; Schnabel and Seed, 1973; Boore, 1973;
Dietrich, 1973; Katayama, 1974). In our recent paper (Trifunac and Brady, 1975b) most
of these scaling functions were reviewed and compared with the trends indicated by the
strong-motion data now available for the Western United States. In the same paper it was
shown that (a) peaks of strong ground motion do not grow linearly with magnitude, which
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is in agreement with some previous investigations, and (b) that the soil conditions at a
recording station have significant effect only for peak ground displacement and only
minor to insignificant effect on peak accelerations and peak velocities. Finally, the new
scaling functions which give the expected values and standard deviations for peaks of
strong ground motion were presented.

The purpose of this paper is to extend this work by attaching approximate confidence
levels to predicted peak amplitudes and to examine whether it is possible to develop a
rational physical basis for the extrapolations of currently available results back to the
earthquake source. It is felt that the computation of such approximate confidence levels
for predicted peaks of strong ground motion may be useful in earthquake engineering
applications, since it leads to more accurate and better defined procedures for scaling
strong-motion amplitudes when the acceptable risk of exceeding a given level is known or
is specified. Furthermore, the characterization of strong earthquake ground motion by
the mean and standard deviation only of its peak amplitudes may not be adequate for
some applications, since the distribution of measured amplitudes is not accurately known.

It has been found (Trifunac and Brady, 1975b) that the empirical law of the attenuation
with distance (Richter, 1958), which is used for calculations of local earthquake magni-
tude, describes approximately the attenuation with distance of peak acceleration, velocity,
and displacement data, but the adequacy of this approach for epicentral distances less
than about 20 km has not been established. One of the main objectives in this paper is,
therefore, to examine this problem in some detail. This can be done by comparing the
predicted average dislocations and stress drops from the analysis of strong-motion data,
which is carried out in this paper, with the independent estimates of these quantities
derived from three detailed source mechanism studies which dealt with the corresponding
geographical area (Trifunac, 1972a, 1972b; Thatcher and Hanks, 1973).

Finally, it should be noted here that the aim of this paper is to present the author’s
most recent assessment of what the actual recorded amplitudes of strong earthquake
ground motion might be in the near-field. Although an effort is made in this work to test
these estimates of predicted peak levels by comparing the results with independent calcu-
lations which are based on an approximate source mechanism theory, it must be remem-
bered that the final test of the preliminary results we present in this paper can only come
from future records of strong ground motion. While our present calculations may prove
useful in earthquake engineering applications which require an estimate of actual strong-
motion amplitudes, it should be emphasized that the strong-motion amplitudes discussed
in this paper do not represent the design amplitudes for direct use in routine earthquake
engineering calculations.

STRONG-MOTION DATA

The amplitudes of peak acceleration, velocity, and displacement which are used in this
study have been extracted from the Volume II tapes (Trifunac and Lee, 1973) which
contain corrected accelerograms (Trifunac, 1971, 1972¢) and integrated velocity and
displacement curves (Hudson ef al., 1971). These data result from a strong-motion
recording program in the Western United States and have been processed for the period
beginning in 1933 and ending in 1971. The data consist of 187 accelerograph records
(373 horizontal and 187 vertical components) which were obtained at “free-field”
stations or in the basement floors of buildings. These data result from 57 earthquakes
whose magnitudes range from 3.0 to 7.7. Of 187 records 6 or 3 per cent correspond to the
magnitude range 4.0-4.9, 41 or 22 per cent to 5.0-5.9, 130 or 71 per cent to 6.0-6.9 and
7 or 3 per cent to the magnitude range 7.0-7.9. Sixty-three per cent of the data have been
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recorded on alluvium sites (identified by s = 0 in this paper), 23 per cent on “inter-
mediate” sites (identified by s = 1), and only 8 per cent on basement rock sites (identified
by s = 2). Geological descriptions of these sites and the method employed to arrive at the
final site classification used in this and our previous papers have been presented by
Trifunac and Brady (1975a) and will not be repeated here.

Figures 1, 2, and 3 present the vertical and horizontal peaks of strong-motion data
plotted versus epicentral distance in kilometers. Each peak is identified by its site classifi-
cation symbol, “0, “1”, or “2”, and by the corresponding earthquake magnitude.
Continuous curves in these figures represent predicted peak amplitudes for selected
earthquake magnitudes equal to 4.5, 5.5, and 6.5. for the three site classifications and for
a 90 per cent confidence level. The method for calculating these amplitudes will be dis-
cussed later in this paper.

PROPOSED SCALING FOR PEAKS OF STRONG GROUND MOTION

It was recently suggested that the peaks of strong ground motion might be scaled by
using the following expression

Aax aO(M)
log;o {Umax} = M+log;o Ao(R)—log; o { vo(M) ¢y
dmax dO(M)

(Trifunac and Brady, 1975b). In (1) dp.y, Umaxs 80d d,,, represent peak acceleration, peak
velocity, and peak displacement, respectively; M is earthquake magnitude, which in
most cases is represented by the local magnitude M, (Richter, 1958); log,, Ao(R) is the
empirically determined function which describes attenuation versus distance (Table 1);
and ao(M), vo(M), and d,(M) represent the magnitude-dependent empirical scaling
functions for acceleration, velocity, and displacement.

Equation (1) is based on the assumption that log,, 4,(R) (Richter, 1958) describes
approximately the amplitude attenuation with distance, R, for all peaks; i.e., peaks of
acceleration, velocity, and displacement. It may seem at first that it is essential to have
different attentuation curves for acceleration (high-frequency waves), velocity (inter-
mediate-frequency waves), and displacement (low-frequency waves) peaks, but we found
that for the limited number of data points that are available so far log, o 4,(R) may
represent a satisfactory first-order approximation for all peaks of strong ground motion
(Trifunac and Brady, 1975b) for the distance range from about 20 to 200 km.

For the scaling of peak amplitudes presented in this paper, we will neglect the depen-
dence of log; 4 Ao(R) on wave frequency, recording site conditions, peak amplitudes,
earthquake magnitude, and/or on source dimensions and will use the values of log,,
Ao(R) which are employed in routine calculations of local magnitudes (Richter, 1958).
For large earthquakes which are characterized by long faults and large peak amplitudes,
the log, o Ao(R) curve would have a tendency to flatten out for small epicentral distances:
while for low magnitude shocks which are typically not accompanied by large source
dimensions and large peak amplitudes, this curve would probably have a larger negative
slope for small epicentral distances than the curve we propose to use (Table 1). Such
general trends would result from the properties of geometric attenuation with distance
and possibly nonlinear response of soil deposits for large near-field motions. The detailed
quantitative description of these effects, however, is beyond the scope of this paper, since
the strong-motion data for epicentral distance less than about 20 km, which would be
necessary to test the adopted attenuation laws, is completely lacking at this time.
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F1G. 1. Vertical and horizontal peak accelerations versus epicentral distance. Each plotted point has
the site classification and magnitude, when available. Continuous lines represent the estimates of an
upper bound on peak amplitudes and depend on earthquake magnitude, confidence level, and site
classification.
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The apparent frequency-dependent attenuation of wave amplitudes associated with
frequency @ and often modeled approximately by exp [—(wR/20Qf)], where R may be
taken to be epicentral distance, Q is the attenuation constant, and f is the shear-wave
velocity, will also be neglected in this paper. This effect may be introduced into the analysis
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F1G. 2. Vertical and horizontal peak velocities versus epicentral distance. Fach plotted point has the
site classification and magnitude, when available. Continuous lines represent the estimates of an upper
bound on peak amplitudes and depend on earthquake magnitude, confidence level, and site classification.
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of spectral amplitudes but is difficult to incorporate into peak amplitude characteriza-
tions, since the representative frequency contents of peak amplitudes change with
distance and because the relative contribution of digitization noise (Trifunac and Lee,
1974) varies with frequency and distance.
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F1G. 3. Vertical and horizontal peak displacements versus epicentral distance. Fach plotted point has
the site classification and magnitude, when available. Continuous lines represent the estimates of an
ulpper bound on peak amplitudes and depend on earthquake magnitude, confidence level, and site
classification.
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In this study the numerical values of log,, 4,(R) are taken to be those given by
Richter (1958), and the appropriate scaling factors are included in ao(M), vo(M), and
dy(M). The physical significance of log, o 4,(R) for our present work lies in its relative
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changes of amplitude with distance which can be characterized by defining a new function
JS(R) which is given by

J(R) = log; o Ao(R = 0)—log, ¢ Ao(R). 2

TABLE 1

log; 04 o(R) VERSUS EPICENTRAL DISTANCE R*

R (km) —logio4o(R) R (km) —log1040(R) R (km) -logy4o(R)

0 1.400 140 3.230 370 4.336

5 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 2421 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 3.827 490 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.

Figure 4 shows a plot of f(R) versus epicentral distance, R, and how it can be approxi-
mated by two straight line segments which are given by

AR) = {R/SO for R £ 75km

1.125+ R/200 for 350 2 R = 75 km @)

The change of slope at R = 75 km reflects the fact that for greater distances the main
contribution to strong shaking comes from surface waves, which are attenuated less
rapidly (~1/R?) than the near-field and intermediate-field (~1/R?~*), or far-field body
waves (~ 1/R). The function f(R) in Figure 4 has been derived from Table 1 which rep-
resents a smoothed version of a similar table presented by Richter (1958). The third and
fourth decimal places in this table have no significance and are kept only to preserve the
smoothness of A4,(R) amplitudes when plotted versus R. The reliability of shape and
amplitudes of log, , 4,(R), i.e. f(R), curves for epicentral distances less than about 10 km
is not known, since at these short distances stan“ard Wood-Anderson instruments go off
scale for moderate and large earthquakes and the adequate number of strong-motion
recordings is completely lacking there as well.

It is important to note here that log, ; 44(R) is of special value for the scaling functions
studied in this paper because it incorporates empirically the average amplitude attenu-
ation with distance in the Southern California Region and thus experimentally includes
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the average properties of the Earth’s crust in this area. Since most strong-motion data
have been recorded in the same area, this curve represents the most natural first approxi-
mation to be used for scaling the strong-motion data as well. While it appears that this
amplitude attenuation law might also be applied in other parts of the Western United
States, it cannot be used for Central and Eastern United States (Nuttli, 1973).

4 T | T ] T | T I T
FIR) = 1025 + —— %
- : 200 N7 T
/7
v
= 3 _
-
| - 4
o
o
- | u
O
<
w
- L
=]
- .
g e
>
Z
] R .
'—
)
i f(R)= loglvo(O) - Ioglvo(R) i
w
S .
<X - // .
= ’
4
ok / )
i
1
]
L) i
i
i
0 L | 1 | 1 I L I 1
0 100 200 300 400 500

R~ EPICENTRAL DISTANCE — km
Fic. 4. Distance attenuation factor f(R).

To extend the applicability of equation (1) so that it can be used for approximate
scaling of the peaks of strong ground motion when the confidence with which such an
estimate is made has been specified one can write

amax.p aO(Ma P, S, U)
10810 { Umax,p| = M+log o Ag(R)—log o { vo(M, p, 5, V)|, @
dmax,p dO(Ma P, sa U)

where M is earthquake magnitude; p is the confidence level associated with the approxi-
mate bounds @y, Umay, p» A0 dyay , fOT the peaks @,y Umay> and dy,,; s represents the
type of site conditions (s = 0 for alluvium deposits; s = 1 for “intermediate” rock;
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s = 2 for basement rock); and v is used to describe the component direction (v = 0 for
horizontal and » = 1 for vertical direction). As an approximation, we assume that the
scaling functions ay(M, p, s, v), vo(M, p, s, v), and do(M, p, s, v) can be described by

aO(M> b, s, D)
log,o {vo(M, p,s,0)} = ap+bM+c+ds+ev+fM? %)
dO(M7 D, S, U)

where a, b, ¢, d, e, and f are the coefficients which have to be determined. In this paper we
shall neglect the second and higher order terms of p and s and the third and higher order
terms of M, as well as the terms which include different products of p, s and M. The data
we have at our disposal now are not uniformly representative for different values of the
parameters s and M (e.g., 63 per cent of all data have been classified as s = 0 and only
8 per cent as s = 2, while 71 per cent of all data belong to the magnitude range from 6.0
to 6.9) so that the estimates of the coefficients of the higher order terms than those in
equation (5) might be affected by this nonuniformity of the data rather than being repre-
sentative of the real trends of the scaling functions a,, v, and d,,.

REGRESSION ANALYSIS

To compute the coefficients a, b, ¢, d, e, and f in equation (5), it is necessary to deter-
mine the estimates of log, o [ao(M, p, 5, V)], log, o [vo(M, p, s, v}], and log,, [do(M, p, s,
v)] for different values of their arguments by using the available strong-motion data.
Since there are only 181 strong-motion accelerograms that can be subdivided into the
needed subgroups, it is clear that the presently available data are far from adequate to
characterize the log,, [ao(M, p, s, v)], log o [vo(M, p, 5, v)], and log,, [do(M, p, s, V)]
over a sufficiently broad range of their arguments (note that 181 rather than 187 accelero-
grams have been used because of incomplete availability of magnitude determinations).
Nevertheless, an attempt can be made to determine a first approximation to the co-
efficients a, b, ¢, d, ¢ and f. To do this we begin by partitioning all data into four groups
that correspond to the magnitude ranges 4.0-4.9, 5.0-5.9, 6.0-6.9, and 7.0-7.9. Each of
these groups is next subdivided into three subgroups which correspond to the site classifi-
cations, s (s = 0, 1 or 2). Depending on whether the recording component is horizontal
or vertical, each of these subgroups is finally divided into two parts corresponding to
v = Oand v = 1. Within each of these parts, we calculate

aO(M> b, S, U) Amax
log o {vo(M, p, 5, v) ) = M+10814 Ao(R)—10810 { Umax |- (6)
dO(Ma D, s, U) dmax

An array of n data points in one such part can be further arranged so that the numerical
values of log,, [ao(M, p, s, v)], log,o [vo(M, p, s, ©)], and log, o [do(M, p, s, v)] decrease
monotonically with increasing n. Then, if m = integer part of (pn), the mth data point
will represent an estimate for an upper bound of log,, [ay(M, p, s, V)], log; o [Vo{M, p,
s, v)], or log, o [do(M, p, s, v)], which is associated with the p-per cent confidence level.
Table 2 presents a compressed version of such data tabulated for the four magnitude
intervals, and indicates the number of data points used in their estimates. For actual
calculations we used the confidence levels equal t0 0.5, 0.10, 0.15, . . ., 0.85,0.90, and 0.95
and the reported magnitudes corresponding to each individual estimate of log, o [ao(M, p,
s, 0)], log o [vo(M, p, s, ¥)], and log, , [do(M, p, s, )] whenever the number of data points
within each part permitted such detailed classification.
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Table 3 presents the results of least-squares fitting of equations (5) to the above data. It
presents the estimates of the coefficients a, b, . . ., e, and f; the total number of data
points which have been used in the fitting; and the M,,;, and M,,,,, which are the lowest
and the highest magnitudes for which equations (5) are assumed to apply.

The curves log,, [ag(M, p, s, v)], log,, [vo(M, p, s,v)], and log,, [do(M, p, s, v)]
represent parabolas when plotted versus M. Their amplitudes depend on p, s, and v. As
far as their functional form is concerned, it should be noted here, however, that there is
no direct physical justification for such parabolic dependence, and that this choice is
motivated by the simplicity of its mathematical form and the apparent trend of data
indicated by our previous analyses (Trifunac and Brady, 1975b). Since this overall trend
of data suggests that the amplitudes of log,, [ao(M, p, 5, V)], log,o [vo(M, p, s, v)], and
log, o [do{M, p, 5, v)] might level off for some small magnitude, we have decided, quite

TABLE 3

COEFFICIENTS IN THE EXPRESSION*

ao(M, p, 5, v) ap+bM+c+ds+ev+fM? —f(M— Muay)? for M = My
logio{vo(M, p, 5,0)} = {ap+bM+c+ds+ev+fM? for Myay =2 M = My —

do(M, p, 5,v) \ap+bMumia+ c+ds+ev+ M2 nin for M < Myin
Function a b c d e f N Data M ain Mmax

logioao(M, p,s,v) —0.898 —1.789 6.217 0.060 0331 0.186 227 4.80 7.50
logiove(M, p,s,v)  —1.087 —2.059 8357 0.134 0344 0201 227 5.12 7.61
logiodo(M, p,s,v) —1.288 —2366 9717 0.205 0.240 0226 227 5.24 7.45

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

arbitrarily, to adopt equations (5) for M = M, where M, is that value of M for
which the minima of the above functions are achieved and to use the constant amplitudes
equal to these minima for M < M_;,. M, is defined as the point where the parabola
reaches unit slope, equal to the slope of M in equation (4), and for M = M,,,, the right-
hand side of (5) continues linearly with this stope. This can be summarized as follows

aO(Map9 S, U)
logIO UO(Map’ s, U) =
dO(Map’ S, U)
ap+bM+c+ds+ev+fM*—f(M—M,,)*> forM=M,,,
ap+bM+c+ds+ev+fM? for M,,= M= M_,. (7
ap+bM i +c+ds+ev+ M2, for M < M,

and means that the maxima of a,,,, V. and d,,,, are attained for M = M.

The values of the coefficients in equation (7) are shown in Table 3 where only the two
first digits may be taken as significant. The confidence level coefficient “a” tends to
increase slightly from acceleration to velocity and displacement indicating somewhat
greater scatter of peak displacements, poorer fit of displacements to the log, , Ao(R)
curve, a slight overestimate of maximum displacement peaks for large epicentral distances
caused by digitization processing noise (computed displacement peaks which are equal to
or less than several centimeters in most cases are contaminated by noise, Trifunac and
Lee, 1974), or, most probably, some combination of all these effects. The values of site
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coeflicient “‘d”” approximately double from acceleration to velocity and from velocity to
displacement, reflecting progressively greater importance of site conditions on peak
amplitudes of longer period waves. The same effect is also illustrated in Figures 1,2, and 3
where the continuous confidence levels for M = 4.5, 5.5, and 6.5 for p = 0.9 and for
s = 0, 1 and 2 which are calculated from the coefficients in Table 3 have been presented.
These results thus indicate that for a given confidence level the peak acceleration is
influenced only to a small degree by the site conditions and that it is about 30 per cent
larger for alluvium site conditions (s = 0) than for rock sites (s = 2). The corresponding
difference for peak displacements, however, is equal to 250 per cent.

In our previous work dealing with the correlations of peak accelerations with Modified
Merecalli Intensity (Trifunac and Brady, 1975a) or with the correlations of peak accelera-

TABLE 4

CHECKING OF THE SUCCESS IN PEAX BRACKETING

Found Peaks Found Peaks

Less than the Limit Greater than the Limit

Confidence
Level No. Fraction No. Fraction
p=09 1566 0.930 117 0.070
p=2038 1485 0.881 198 0.119
p=07 1345 0.800 338 0.200
p=20.6 1172 0.696 511 0.314
p=205 976 0.578 707 0.422
p=04 743 0.440 940 0.560
p=103 505 0.300 1178 0.700
p=102 327 0.194 1356 0.806
p=01 215 0.127 1468 0.873

Total no. of peaks = 1683*

* Acceleration, velocity and displacement peaks were lumped
together. One vertical and two horizontal peaks were also lumped
together.

tions with earthquake magnitude and epicentral distance for moderate and small magni-
tudes (Trifunac and Brady, 1975b), we found that the different site conditions had no
significant effect on the recorded peaks but that there exists a tendency for a slight, yet
consistent, increase of peak amplitudes for harder sites (s = 2). These investigations deal
with the amplitudes of the expected peaks, while the present paper investigates the approxi-
mate bounds of peak amplitudes. In view of the fact that we do expect to find the largest
standard deviations for the peak amplitudes recorded on alluvium sites and because we
employ log;, 4,(R) which does not depend on site conditions, it is not surprising that
in this approximate analysis we find the overall bounds for peak accelerations to be
slightly higher on alluvium than on hard-rock sites. Simple, two-dimensional theoretical
studies, which are based on linear models, for example, show that the average peak accel-
erations on alluvium do not change much but that the variations from the mean grow
rapidly with a decrease of wavelength and an increase in velocity contrast across a
material discontinuity (e.g., Trifunac, 1971; Wong and Trifunac, 1974). Nevertheless,
when more records become available at small distances from faults, we will most prob-
ably find that in the near-field the high-frequency large peak amplitudes will tend to be
smaller on alluvium (s = 0) than on hard-rock sites (s = 2) because the peak amplitudes
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that can be transmitted through the alluvium and soil deposits will be limited by the
nonlinear response of these materials.

The value of coefficient “e”” in Table 3 is close to 0.3 and shows that a,,,, ,, Umax, , and
d,.x, , fOr horizontal peaks are about twice as large as the corresponding levels for vertical
peaks. This is in fair agreement with the trends indicated by the average peak amplitudes
(Trifunac and Brady, 1975b) in similar correlations with earthquake magnitude and epi-
central distance and in related correlations with the Modified Mercalli Intensity Scale
(Trifunac and Brady, 1975a).

The above description of ay(M, p, s, v), vo(M, p, s,v) and dy(M, p, s, v) involves
several oversimplifying assumptions and should therefore be evaluated critically. To do
this we calculated @y, > Umax, p» a0d @y, fOr the parameters that correspond to those

TABLE 5

HORIZONTAL PEAK DiSPLACEMENTS—I0g; o [dmax(R = 0)] (dimax IS IN CENTIMETERS)*

Site

Classification p=035 p = 06 p=07 p=08 p=09

M=15

0 2.06 2.19 2.32 2.45 2.58

1 1.86 1.98 2.11 2.24 2.37

2 1.65 1.78 1.91 2.04 217
M =165

1.86 1.99 2.12 2.44 2.37

1 1.65 1.78 1.91 2.04 217

2 1.45 1.58 1.71 1.83 1.96
M=255

0 1.20 1.33 1.46 1.59 1.72

1 1.00 1.13 1.26 1.38 1.51

2 0.79 0.92 1.05 1.18 1.31
M =45

0 0.22 0.35 0.48 0.61 0.73

1 0.014 0.14 0.27 0.40 0.53

2 —-0.19 —0.062 0.067 0.20 0.32

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

for all components of recorded peak acceleration, velocity, and displacement and for
nine confidence levels equal t0 0.1,0.2, . . ., 0.8, and 0.9. For every confidence level this
amounts to comparing 1683 data points with the calculated bounds a,,,,, ,, Umax. » and
dmax,, and tabulation of the percentage of recorded peaks that are actually below or
above the computed bounds. It one pools all peaks together, then this comparison is as
indicated in Table 4. This table shows that in all but one case for p = 0.2 the number of
peaks below the corresponding bound is equal to or greater than that required by the
percentage equal to p. Consequently, it may be concluded from this test that the above
simplifying dssumptions are acceptable for derivation of approximate bounds of the
currently available peaks of strong ground motion.

Tables 5, 6, and 7 and Figure 4 enable one to calculate quickly the logarithms for the
approximate bounds on peak acceleration, velocity, and displacement by subtracting the
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HORIZONTAL PEAK VELOCITIES—1081 o[Umax(R = 0)] (Umax IS IN CENTIMETERS PER SECOND)*

Site
Classification p=05 p=06 p=07 »=08 p=09
M=15
0 242 2.53 2.64 2.75 2.85
1 2.95 2.39 2.47 2.61 2.72
2 2.15 2.26 2.37 248 2.58
M = 6.5
0 2.18 2.29 2.40 2.50 2.61
1 2,04 2.15 2.26 2.37 2.48
1.91 2.02 2.13 2.24 2.34
M=55
0 1.53 1.63 1.75 1.86 1.97
1 1.40 1.50 1.61 1.72 1.83
2 1.26 1.37 1.48 1.56 1.70
M=45
0 0.560 0.668 0.777 0.885 0.994
1 0.425 0.534 0.643 0.751 0.860
2 0.291 0.400 0.509 0.618 0.726

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

TABLE 7

HoRIZONTAL PEAK ACCELERATIONS—I08; 0[@max(R = 0)] (@max IS IN CENTIMETERS PER SECOND

PER SECOND)*

Site

Classification p=05 p=06 p=07 p=0.8 p=09

M=15

0 3.29 3.38 3.47 3.56 3.65

1 3.23 3.32 341 3.50 3.59

2 3.17 3.26 3.35 3.44 3.53
M=6.5

0 3.10 3.19 3.28 3.37 3.46

1 3.04 3.13 3.22 3.31 3.40

2 2.98 3.07 3.16 3.25 3.34
M =355

0 2.54 2.63 2.72 2.81 2.90

1 2.49 2.57 2.66 275 2.84

2 242 2.51 2.60 2.69 2.78
M =45

0 1.63 1.72 1.81 1.90 1.99

1 1.57 1.66 1.75 1.84 1.93

2 1.51 1.60 1.69 1.78 1.87

* Only the first two digits may be assumed to be significant.
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value for f(R) at a selected distance from an appropriate entry in Tables 5, 6, or 7.
Formally, Tables 5, 6, and 7 represent the estimates of bounds on maximum peak acceler-
ation, velocity, and displacement at R = 0. However, as we already pointed out, since
the adequacy of log; o 4o(R) for R less than 10 to 20 km cannot be tested critically because
there is virtually no strong-motion data for these short distances, the entries in Tables 5,
6, and 7 can, so far, only be interpreted to represent the scaling factors for use with f(R)
and are valid for approximate scaling of peaks only for R between about 20 and 200 km.

COMPARISON OF THE EMPIRICALLY DETERMINED PEAK AMPLITUDES WITH THOSE DERIVED
FROM SOURCE MECHANISM STUDIES

In the above analysis we have presented scaling relationships for peaks of acceleration,
velocity, and displacement for the assumed empirical law of attenuation versus distance
given by log, ; 4,(R) (Richter, 1958). As shown in the previous study (Trifunac and Brady,
1975b), this attenuation law represents an acceptable approximation to the observed
amplitude variations with distance for epicentral distances ranging from about 20 km to
about 200 km. Although Richter (1958) presents the curve log,, A,(R) for distances
ranging from 0 km to well over 600 km, at the present time there is not enough recorded
strong-motion data for distances less than 20 km or greater than 200 km to test whether
this same attenuation law can be extended outside the range for which we have already
suggested its approximate validity. Our next aim is, therefore, to examine whether the
extrapolation is permissible and under what conditions, if any, the above-developed
scaling laws may be used for the interim prediction of peaks at distances which are less
than 20 km before more accurate attenuation laws become available. Testing of such
an extension is clearly more important for distance less than 20 km than it is at distances
greater than 200 km because there is a lack of recorded data at small distances where the
peak accelerations will be largest.

In the following three sections we make an attempt to examine the plausibility of extra-
polating the above-developed scaling laws back to zero epicentral distance. We do this by
comparing the peaks predicted by our present analysis with other independent calcula-
tions derived from several source mechanism studies which were carried out in the same
geographic area in which the strong-motion accelerograms have been recorded.

In all calculations in this paper we use epicentral rather than hypocentral or closest
distance to the fault. While this is a necessary simplification, since the fault depths and
orientations are accurately known for only a few earthquakes studied in this paper, the
flattening nature of log; ; 4o(R) for R small and the fact that most earthquakes in Cali-
fornia have hypocentral depth less than 15 km seem to justify this approximation. In any
case, peak amplitudes of the near-field strong ground motion seem to result from localized
and energetic motions somewhere on the fault. Since there is no reason to believe that the
fault section contributing most to these peak amplitudes is located at the focus or at the
point which is closest to the recording station, even if we knew the hypocentral or the
distance perpendicular to the fault, it would still be difficult to justify the choice of either
of these two distances as being significantly better for the present application than the
epicentral distance. This is, of course, correct only if the source dimension is not much
larger than the epicentral distance. For large shallow earthquakes which may be char-
acterized by long faults the distance perpendicular to the fault would seem to be most
appropriate if the fault-to-station distance is much smaller than the epicentral distance.
However, since no earthquake studied in this paper unequivocally falls in this category,
we chose to work with the epicentral distance only.

(a) Peaks of strong-motion displacement. Table 5 summarizes the estimates of maxi-
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mum peak displacements for several different magnitudes, M, confidence levels, p, and
site classifications, s = 0, 1, and 2. The amplitudes in this table have been derived by
extrapolating from the distance range to which equation (4) applies to the epicentral
distance R = 0.

For shallow or surface faults the maximum dynamic displacement amplitude of strong
ground motion, d,,,,, would be expected to approach one-half of the maximum static
dislocation amplitude, u,,,,, as R — 0 if we assume that no significant overshoot of
dislocation takes place. For a number of simple fault geometries (see references in Table
1 of Trifunac, 1973) the maximum static dislocation amplitude, u,,,,, and the overall
average static dislocation amplitude, #, are approximately related by

3 8
4 Unnax- ( )

Consequently, we have
3
TR
u 2 max (9)

The plausibility of this statement may be based on the fact that the frequencies associated
with ground displacement are low and that the main contribution to the displacement
amplitudes for small R comes from the near-field terms in the DeHoop’s Representation
Theorem (Haskell, 1969) in which the relative motion on the fault dominates the character-
istics of displacements in the vicinity of the fault. On the other hand, the weakness of this
statement is related to the fact that the “static” fault displacement, #, is being correlated
with the “observed dynamic” peak displacement from which all the periods longer than
about 15 sec have been filtered out (Trifunac and Lee, 1974), Consequently, in the near-
field and for large earthquakes the “observed dynamic” peak displacement, d,,,,, may be
smaller than the actual peak displacement because of the limitations imposed by the
currently available methods for double integration of recorded accelerograms (Trifunac
and Lee, 1974).

Source mechanism studies based on spectra of recorded P and S waves (e.g., Brune,
1970; Hanks and Wyss, 1972; Trifunac, 1972a, 1972b) usually characterize an earthquake
source in terms of two independent static parameters which are often selected to be:
(1) Seismic moment, M, and (2) source dimension, r. The seismic moment is defined by

My = piA, (10)

where u is the rigidity constant in the source region, # is the average dislocation amplitude,
and A is the area of fault. Assuming that the fault area can be approximated by a disk of
radius r, i.e. 4 = nr?, from a known M, and r, one can calculate an estimate of the
average dislocation # as follows

M,

i = 11
This result can be employed for comparison of the expected static displacements, #, in the
source region with the estimates of #, using equation (9), compiled from dynamic dis-
placement maxima which are calculated from strong-motion data at distance and by
extrapolating back to R = 0 on the basis of equation (4) an Tables 1 and 3.

Figure 5 presents such a comparison for an average dislocation amplitude, i, plotted

versus local magnitude, M, . The data representing # have been calculated from Table 1 of
Thatcher and Hanks (1973) and by using equation (11). Additional data derived from the
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source mechanism studies based on strong-motion accelerograms have been derived from
Tables 1 and 3 of Trifunac (1972a) and Tables 1 and 2 of Trifunac (1972b). It can be seen
from this figure that, although the data scatter is considerable, there is a general trend for
dislocation amplitudes to increase for larger earthquake magnitudes.

Continuous curves in Figure 5 represent the amplitudes of # computed from equation
(9) for d,,,,,, With the confidence levels p = 0.5 and 0.9 and for the two site classifications
s = Oand s = 2. By comparing the overall trend of # data with these continuous lines, we
find that they are in good agreement considering the number of uncertainties in the
analysis and the simple approximations employed.

For the computation of # from the data of Thatcher and Hanks (1973), we used u =
3x 10" dyne/cm? in equation (11) and made no attempt to use lower values of u for
shallow or surface sources. More detailed analyses and classifications of Thatcher and
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Fic. 5. Comparison of average dislocation amplitudes, #, derived from three source mechanism studies
(points) with amplitudes computed from statistical analysis of strong-motion data (lines).

Hanks’ (1973) data, as well as our results based on strong-motion data (Trifunac, 1972a,
1972b), might reduce the overall scatter of points in Figure 5. Nevertheless, the agree-
ment between the approximate inferences based on equations (9) and (11) and the analysis
of peak amplitudes at R = 0 appears to be good. We interpret this agreement to mean
that the empirical scaling and attenuation laws for peak displacements incorporated into
equation (4) can be extended to apply for epicentral distances between 0 and 20 km.

(b) Peaks of strong-motion velocity. To test the amplitudes of peak velocities computed
from equation (4) for epicentral distance R = 0, one may choose to work with another
quantity which can be directly related to peak velocity, i.e., effective stress ¢ (Brune,
1970). This approach seems to represent the only alternative at this time because most
observational source mechanism studies tabulate only the effective stress or stress drop
as one of the basic parameters which could be related to the particle velocity at source
(e.g., Brune, 1970; Hanks and Wyss, 1972; Thatcher and Hanks, 1973 ; Trifunac, 1972a,
1972b).

Using a one-dimensional analog of faulting in an infinite homogeneous space, Brune
(1970) showed that the peak particle velocity in the near-field, v, the effective stress, o
(effective stress is the difference between initial static stress and frictional shear stress on
the fault during rupture. A different kind of “stress drop” is represented by the difference
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between the initial and final static stresses. For simplicity in this paper, these two differ-
ent quantities will often be referred to simply as “stress drop”), the shear-wave velocity,
B, and the material rigidity in the source region, y, are all approximately related by

(R = 0) ~ ofijp. (12)

If one estimates f and u and assumes that v & v,,,,, where we are not including a correc-
tion for the reflection off the half-space since, at R = 0, v,,,, is the peak velocity recorded
at the shallow or surface fault, then

0 & Unae(R = 0) p/B. (13)
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Fic. 6. Comparison of the estimates of stress drop computed in three source mechanism studies (points)
with the estimates based on statistical analysis of strong-motion data (lines).

For f ~ 3 km/sec and pu = 10! dynes/em? to 3 x 10'* dynes/cm?, equation (12) gives 1
to 3 cm/sec per one bar of stress drop. This range of peak amplitudes appears to be in
good agreement with the work of Dietrich (1973) (Figure 5 in his paper) who para-
metrized peak velocity and distance by using stress drop and minimum rupture dimen-
sion in his finite element modeling of near-field ground motion.

With values of u = 3 x 10! dynes/cm? and f = 3 km/sec, equations (4) and (13) can
be combined to plot the corresponding estimates of confidence levels for the stress drop
versus local earthquake magnitude M;. Such plots are presented in Figure 6 for site
classifications s = 0 and s = 2 and for two confidence levels p = 0.5 and p = 0.9. Here
again, we are not using the lower values of u for shallow sources, because for most data
points in Figure 6 which are derived from the studies of Thatcher and Hanks (1973) and
Trifunac (1972a, b) the source geology is not known in detail and because these investi-
gators used u = 3 % 10'* dynes/cm? for the majority of their calculations. Since u enters
as a scaling constant in equations (11) and (13) in the same manner for both the source
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mechanism studies as well as for the scaling laws studied in this paper, so long as we use
the same numerical values in both calculations, the relative comparisons of the two will
not be affected.

In addition to the estimates of stress drop from equations (4) and (13), Figure 6 pre-
sents the data on stress drop versus magnitude, M, derived from the studies by Thatcher
and Hanks (1973), Trifunac (1972a), and Trifunac (1972b). All of these data have been
computed by using the approximate spectral theory proposed by Brune (1970) and rep-
resent the stress drop or the effective stress that can be computed from the high-frequency
amplitudes of P- and S-wave displacement spectra. For this reason such estimates
represent, at best, only an overall average of what may be a rapidly varying stress over the
fault plane and consequently may be subject to large fluctuations. For example, for
aftershocks of a large earthquake, one might expect to find small source dimensions and
high stress drops. This could be exemplified by the selected aftershock data we investi-
gated for the Imperial Valley, California, earthquake of 1940 (Trifunac, 1972b) and the
San Fernando, California, earthquake of 1971 (Trifunac, 1972a; Trifunac, 1974).

As indicated by the trend of data in Figure 6, for larger earthquakes (larger M;), a
larger overall average stress could be released. However, the spread of the estimated
stress-drop data for a given magnitude, M;, appears to be about three orders of magni-
tude.

From the point of view of prediction of amplitudes of strong earthquake ground
motion in earthquake engineering applications, it may not always be feasible to devise a
simple method for estimating the possible stress drop for a given earthquake source,
Consequently, at the present time, in virtually all estimations of the amplitudes of strong
ground motion, the stress drop is overlooked and only one-parameter-scaling in terms of
earthquake magnitude is being employed. Such simplification can be justified from the
practical point of view, since the data and statistical analyses of earthquake magnitude
are more complete and reliable than the interpretations of the inferred amplitudes of
stress drop. For simplicity in presentation and in complying with the practical constraints
in applications, in this paper we also use only the rough approximate theory which is
based on one-parameter-scaling in terms of earthquake magnitude,

In the light of the above-mentioned simple assumptions and approximations, we feel
that the stress estimates based on equations (4) and (13) and those derived from three
independent source mechanism studies (Figures 6) are not in contradiction. However,
due to the large scatter of stress drop data, it should be pointed out that the amplitudes of
the peaks predicted by equation (4) could be uncertain by as much as a factor of about 2
to 3, even if one were to assume that the estimates of stress drop in Figure 6 and their
scatter reflect the variability of stress drop rather than the uncertainties in the computa-
tions which are based on the approximate Brune’s (1970) theory.

(¢) Peaks of strong-motion acceleration. The largest apparent peak of strong-motion
acceleration that might be recorded at the source of earthquake energy release (R = 0)
seems to depend most prominently on the effective stress and the recording instrument
employed to record it. The effective stress is believed to be proportional to the high-
frequency amplitude of the Fourier transform of ground accelerations at the fault (Brune,
1970), while the recording instrument, which is usually a single-degree-of-freedom oscil-
lator with damping close to 50 per cent of critical, represents a low-pass filter which atten-
uates frequencies higher than its natural frequency, w,, in a manner proportional to
(w/w,)?. Many other parameters, no doubt, influence the largest amplitude of accelerations
at the fault but will be neglected in this approximate analysis in which we only consider
the simplest available model (Brune, 1970) which can readily be correlated with the
apparent characteristics of the near-field and far-field observations.
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The amplitude of the Fourier transform Fyy(w), of particle accelerations at the fault
surface can be shown to be approximately given by

af w
(Brune, 1970), where Fyp(w) is the Fourier transform of the absolute S-wave type acceler-
ations, ¢ is the effective stress, f is the shear-wave velocity, and p is the medium rigidity.
For intermediate and low frequencies {w < w, = 1/t and © = 5(¢/B), where # is a numeri-
cal parameter whose values range from  to 2 and r is the source dimension (Trifunac,
1973)], Fyp(w) is proportional to (o /1)w.

It should be noted here that the constant high-frequency acceleration spectrum,
Fyp(w) = off/p when o > o, = 1/7, results from a simple ramp in displacement,
d(t) = (oB/w)t, at the fault surface (Brune, 1970) and is caused by a Heaviside-type step
in velocity at ¢ = 0. This is clearly an oversimplification, since the nonlinear behavior of
the fault gauge material must limit the accelerations to some finite values and this smooths
out the discontinuity of the higher derivatives of d(¢) at t = 0. This smoothing operation
acts as a low-pass filter on Fyp(w) with the cut-off frequency say, w,. As an approxima-
tion it might be assumed that this filter is of the form w,2/(w, % + »?).

Unfortunately, there is no experimental evidence that comes from recorded strong-
motion accelerograms at this time that could indicate what the realistic values of @, are
for different types of geological materials at the fault. The closest strong-motion records
available, so far, have been obtained at epicentral distances which are of the order of
10 km (Figure 1, 2 and 3) and in many cases the stations were not located on sound
igneous rock. Consequently, the low values of Q for the high-frequency waves (say, f >
20 Hz), geometric scattering, and possibly nonlinear response of shallow (less than 200 ft)
soils, as well as the current digitization methods (Trifunac ef al., 1973), may all interfere
with the high-frequency spectral amplitudes in a way that seems fo eliminate any possi-
bility of finding out what w, might be. On the other hand, several theoretical studies
(e.g., Burridge and Willis, 1969; Kostrov, 1964; Richards, 1973) have demonstrated that
when the rupture front arrives at a point on the fault the displacement may grow like
part of a hyperbola. Such shearing deformations indicate then that the velocities and
accelerations can be large in the vicinity of the rupture front; this suggests that w, may be
quite large for faults that cut through sound igneous rock.

When recorded by a typical strong-motion accelerograph, the spectrum, Fyp(®), is
modified by the acceleration transfer function of the instrument whose amplitude, H(w),

is given by
2\2 274
H(w) = [(1— a‘:’—z) +<2c§) ] (15)

where { is the fraction of critical damping. For { = 0.50, H(w) can be approximated by

Hw) = 22 (16)
W) = ———
0o+ w?
where wy & 2w,.
To compute the expected value of peak acceleration from the Fourier transform given
by

ofwy? w2 ®

wwo? +0?) (02 +0?) (@*+o )

Fyp(w) = an
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we employ the method presented by Cartwright and Longuet-Higgins (1956) and the
results of Udwadia and Trifunac (1974). According to this method, an estimate of the
expected peak acceleration would be given by

(g & mo*V2{[In(1 — 2N + Ly[In(1 —£2)* N]~#} (18)

where m, is the zeroth moment of the power spectrum, Syg(w), of the near-field accelera-
tion

my = j;o Syr(w) do (19
and Sy(w) can be approximated by
Sye(®) = 1/T |Fyp(w)|? (20)

where T'is the duration of strong-motion shaking. In (18) ¢ represents a measure of power
spectrum “width’’ and is approximately equal to 0.9 for { ~ 0.5 and the spectrum H*(w)
given by (16) (Udwadia and Trifunac, 1974). N is the total number of peaks of strong-
motion acceleration in the time interval 7and y = 0.5772 is Euler’s constant.

For typical strong shaking with duration of 25 sec, N & 250 and the factor {-} in (18)
is approximately equal to 2.3 (Udwadia and Trifunac, 1974). The square root of the
zeroth moment, m,%, then becomes

N {1 azﬂsz weo* w* w? do }“f
my* & _—

T 12 }o @2 +0) 07+0)? (@ +a,)

_ o[ @o7\ 9B @ wo
2( T) ,U, C()O’ COC . (21)

In (21), R(w,/wq, w,/mw,), wWhich is always less than 1 (Figure 7), shows how nonzero
o, and finite w, reduce the amplitude of my*. When w,/w, and w,/w, are small, R(w,/w,,
wolw,) is close to 1.0, while for w jw, = 0.2 and wy/w, = 4 it reduces to about 0.3. For
earthquakes studied in this paper w,/w, is always less than 0.1; if, on the basis of several
theoretical solutions mentioned above (e.g., Burridge and Willis, 1969; Kostrov, 1964;
Richards, 1973), we assume that w,/w, should be much less than one, then R(w,/w,,
wo/w,) is essentially equal to one and may be disregarded in the subsequent calculations
which would then apply to reactivation of faults in otherwise sound igneous rock for
earthquake magnitudes greater than say M = 4,

The natural frequency of a typical accelerograph is about 30 Hz. Typical values of the
shear-wave velocity, 8, and the rigidity, u, are 3.0 km/sec and 1.0 to 3.0 x 10'* dynes/cm?,
respectively. For a stress drop (or effective stress) o = 1 bar (10° dynes/cm?) and
R(w,Jwg, wofm.) = 1, one gets my* ~ 4 to 10 cm/sec?/bar; and for N = 250 and ¢ =
0.9, equation (18) then gives

E(amay) ~ 13—33 cm/sec?/bar. 22)

Here we have assumed that 7' = 25 sec and N = 250, For T = 10, 5 and 2 sec and for
the corresponding values of N = 100, 50 and 20, the expected value of a,,,/bar in (22)
increases by factors equal to 1.4, 1.9 and 2.5, respectively.

Similar calculations have been carried out by Boore (1973) and Dietrich (1973). Boore,
who normalized peak accelerations to effective stress, suggested that the peak accelera-
tion could vary in a linear manner from about 25 cm/sec?/bar, for a high-frequency cut-
off equal to 10 Hz, to about 45 cm/sec?/bar for a cut-off frequency equal to 20 Hz. In his
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calculations, a low-pass filter with a cut-off frequency of 10 Hz approximately corres-
ponds to the transfer function of an accelerograph with natural frequency of about 16 Hz
and 60 per cent of critical damping. Figure 8 of Dietrich’s paper, which presents para-
metrization of peak acceleration and distance by stress drop and minimum fauit dimen-
sion for the cut-off frequency of about 10 Hz, suggests a range from about 30 cm/sec?/bar
to about 60 cm/sec?/bar for peak accelerations at fault. In this paper we employ Brune’s
theory and the statistics of stationary random functions; Boore in his paper uses non-
random approach and Brune’s theory, while Dietrich employs deterministic finite element
models which can have irregular frictional properties along the fault. In spite of the
different methods and assumptions used, these three independent estimates of a,,,,/bar
appear to be quite consistent.

Wy f wg (.uc w? dw 2
“’o ’ “)c 77“’0 (w2 +w?)(wf +w?2(wZ+w?)?

0 1 1 1 1 a1 1 |
0 | 2 3 4 5
W /W

F1G. 7. R(w. /o, wow,) versus welw, and o./w,.

In view of the fact that the effective stress may vary from one point on the fault to
another, it is not obvious whether a local maximum, local average, or an overall average
of effective stress over the entire fault plane should be utilized to compute the expected
amplitudes of peak acceleration in equation (22). The local stress maximum does not
seem appropriate, since it may be associated with a wavelength too short to be of interest
in the frequency band of earthquake engineering (0.05 to 30 Hz). The overall effective
stress for a large earthquake could also be eliminated, since it would be associated with
the wavelengths too long to contribute significantly to the peak accelerations which are
influenced mostly by the amplitudes of intermediate and high-frequency points of the
spectrum. We shall assume here, therefore, that the simple estimates of the effective stress
which have been collected so far for intermediate and small earthquakes (Figure 6) could
be considered as “representative’ and in conjunction with equation (22) may be used for
independent testing of the amplitudes summarized in Table 7. The perusal of the data in
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Figure 6 shows that for M, < 6.5 only a few of the estimates of stress drop in the Western
United States exceed 100 bars. In fact, 90 per cent of all data in Figure 6 fall below about
140 bars, suggesting that the maximum peak accelerations associated with the approxi-
mate 90 per cent confidence level might range from about 2 g to about 5 g for the assumed
duration of 25 sec. Considering the uncertainties in the foregoing assumptions, which are
probably not worse than a factor of about 2 to 3, and the scatter of the computed data,
the estimates of the maxima (Table 7) derived on the basis of equation (4) are obviously
not contradicted by the estimates based on the simple source theory employed here.

It is interesting to note here that the peak amplitudes of the above maximum velocities
and accelerations agree approximately with similar estimates derived by Ida (1973), whose
calculations are based on a distinctly different physical basis. The Brune model is governed
by the ambient tectonic stress, while Ida’s analysis is based on the properties of medium
which are related to the material strength against fracture.

LIMITATIONS OF THIS ANALYSIS AND POSSIBILITIES FOR FUTURE IMPROVEMENTS

Perhaps the most serious limitations of this analysis result from the insufficient number
and nonuniformity of available data on peak amplitudes. This is so because most accelero-
grams come from the recording sites on alluvium (63 per cent) and from a narrow magni-
tude range between 6 and 7 (71 per cent). Furthermore, over 50 per cent of all data we
used come from one earthquake, the San Fernando, California, earthquake of 1971. This
may bias our present results, since this earthquake does not necessarily represent a
typical shock from the source mechanism or from the instrumental coverage point of
view.

Characterization of the amplitude attenuation with distance for peaks of acceleration,
velocity, and displacement, which is better than the approximation based on log, , 44(R),
is clearly needed, especially at short distances which are less than about 20 km. In this
respect one of the principal limitations of this paper may be related to the fact that we
have neglected the dependence of the shape of the log,, 4,(R) curve on the source
dimensions for small epicentral distances, where the radiation pattern and the proximity
to the fault surface are likely to have a more well-defined effect on recorded amplitudes.
When an adequate number of strong-motion data become available for all distances,
especially for small epicentral distances, it will be possible to develop better amplitude
attenuation laws which will depend on source size and the frequency band and amplitudes
associated with the peak amplitudes. Although, as it has been pointed out in the above
analysis, the empirical function log, , 4,(R) has several important characteristics which
make it suitable for scaling of strong-motion data, it must be pointed out that it only
represents our preliminary choice for an approximation of the amplitude attenuation
law. Therefore, there must exist other attenuation laws which may describe this attenu-
ation equally well or better than the log, , A4(R) curve. .

Finally, the largest observed peaks of strong ground motion in the near-field will be
determined by what can be transmitted through the materials directly beneath and
surrounding the recording station. High-frequency high-acceleration pulses which in the
linear range would lead to large forces will obviously be reduced by the nonlinear yield-
ing response of the materials which have relatively lower strength.

The agcuracy of the estimated dislocation amplitudes # in Figure 5, which have been
calculated by using equation (11), is within a factor of about 3, which corresponds to 0.5
on the logarithmic scale used in this figure. The accuracy of magnitude determinations is
about 0.3 magnitude units for the vertical scale in both Figures 5 and 6, while the esti-
mates of stress drop in Figure 6 could be in error by as much as a factor of 3 to 5. Although
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these errors increase the scatter of point estimates in Figures 5 and 6, in the foregoing
analysis we assumed that the mean trend of the data is not affected.

We found that the formulas for peak amplitudes, when extrapolated from the available
strong-motion data back to the source, at best do agree and at worst are not contradicted
by the simple estimates of the corresponding quantities which are based on the source
mechanism studies. However, these source mechanism studies have been derived on the
basis of a simple source theory (Brune, 1970) which assumes instantaneous stress drop
over the entire fault plane and consequently neglects the directional properties of the
source (e.g., Ida and Aki, 1972). The Brune theory has been applied often to study the
approximate estimates of the parameters which describe the source mechanism, and for
many earthquakes the estimates of seismic moment, M, and source dimension, r, are
now available. With the data from these studies, it now becomes possible to analyze the
overall trends and distributions of such estimates and to examine the results from the
viewpoint of strong earthquake ground motion. Other more realistic source mechanism
models which are not based on the spontaneous stress drop over the whole fault plane
require estimation of additional source parameters, e.g., velocity of rupture, and are
inherently more complicated to analyze and/or require better data than what is currently
available for most earthquakes. Therefore, only a small number of earthquakes in
California have been studied by using three-dimensional moving dislocation models
(e.g., Trifunac, 1974; Trifunac and Udwadia, 1974), and as yet there are not enough such
studies to carry out a comparable statistical analysis as in Figure 5 or Figure 6.

In the formulation of the correlation functions (4) we have omitted source mechanism
parameters like seismic moment, stress drop, or radiation pattern. This simplification
clearly increases the uncertainty of our estimates, but it could be justified and has been
motivated by the fact that in the majority of earthquake engineering characterizations of
the potential source of earthquake energy release, typically, only magnitude is used to
describe the size of an expected shock. Although source dimension and its orientation in
space are often considered in some of the more advanced seismic risk analyses, this
information is typically used only to compute the distance to the fault and not to calcu-
late the radiation pattern or possible focusing effects that may result from a propagating
rupture.

CONCLUSIONS

In this paper an attempt has been made to calculate approximate functional relation-
ships that may exist between the different levels of peak acceleration, velocity, and dis-
placement and such parameters as earthquake magnitude, epicentral distance, site
conditions, and component direction. The coefficients employed in these relationships
have been presented in a simple form which is convenient for applications. These co-
efficients represent our preliminary estimates, since the number of available strong-
motion records is not adequate to derive the detailed description of the scaling laws
involved.

The empirical attenuation curve for peak amplitudes of strong earthquake ground
motion in Southern California can be approximated by the log, o 4o(R) curve proposed
by Richter (1958) for scaling the peaks of instrumental response, which are used in the
calculations of local magnitude, M. This can be demonstrated by direct comparison of
this curve and the observed peaks for epicentral distances in the range from R = 20 to
about R = 200 km. Although the amplitudes of log,, 4,(R) have been presented for
epicentral distances less than 20 km (Richter, 1958), the lack of an adequate number of
recorded strong-motion data for this distance range has not permitted evaluation of this
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curve for short distances. To circumvent this lack of data, we computed the peak ampli-
tudes for R = 0 by extrapolating the results based on epicentral distances greater than
20 km back to the source and assumed that the log; , 4(R) curve applies there as well.
We then compared the resulting peak amplitudes with independent estimates of peak
acceleration, velocity, and displacement which could be derived from three studies deal-
ing with source mechanism of earthquakes in Southern California (Trifunac, 1972a,
1972b; Thatcher and Hanks, 1973) and found that there is no apparent contradiction
between these two independent calculations.

The approximately parabolic growth of the functions log, o [ao(M, p, s, v)], log;,
[vo(M, p, 5, v)], and log, , [do(M, p, 5, v)] with magnitude approaches the slope equal to
1 for magnitudes equal to S to 6.5. This means that the logarithms of the peak amplitudes
of strong ground motion do not grow linearly with magnitude and that this rate of growth
becomes very small for magnitudes greater than 6.5 to 7.0. For a magnitude 7.5 shock the
peaks of the near-field strong ground motion seem to reach the maximum amplitudes.
For magnitude M = 7.5, 90 per cent confidence level, and epicentral distance R = 0, the
estimated maximum amplitudes of strong-motion acceleration, velocity, and displace-
ment are approximately equal to 3 to 5 g, 400 to 700 cm/sec, and 200 to 400 cm, respec-
tively. According to this analysis, these amplitudes would be associated with the largest
earthquakes in the Western United States.

The effect of geological site conditions on the confidence levels of peak accelerations
has been found to be insignificant. The confidence levels for amplitudes of peak velocities
and peak displacenents are about 90 per cent and 250 per cent higher on alluvium (s = 0)
sitcs when compared with the corresponding level for basement rock sites (s = 2).

We found that the amplitudes of strong ground motion in the near-field of earthquake
encrgy release appear to be higher than so far predicted by some previous investigators
(e.g., Gutenberg and Richter, 1956; Housner, 1965; Blume, 1965; Milne and Davenport,
1969; Esteva, 1970). These differences can be explained by the serious lack of near-field
data (R < 20 km) and by the use of somewhat arbitrary methods for extrapolation to-
ward the earthquake source in several previous studies. In this respect, this paper suffers
from a similar difficulty associated with the lack of recorded accelerograms for epicentral
distances less than about 20 km. However, our use of the log,, Ao(R) function for
extrapolating back to the source offers the advantage that the predicted amplitudes of
acceleration, velocity, and displacement at R = 0 which are based on log,, A¢(R =0)
seem not to be contradicted (within a factor of about 2 to 3) by the amplitudes calculated
from other independent source mechanism studies for the representative earthquakes and
the same geographic area where most of the strong-motion data which are used in this
paper have been recorded. Therefore, while we do expect that our scaling functions and
parameters will have to be improved and updated as the data bank becomes more
abundant and representative, there seems to be no reason to expect that these changes
will be as large as differences between the amplitudes presented in this paper and in
several previous studies.

Finally, it should be pointed out here that, from the practical earthquake engineering
point of view, high acceleration amplitudes should not necessarily be associated with a
proportionally higher destructive potential. An extended duration of strong ground
motion and high acceleration amplitudes characterize destructive earthquake shaking,
while one or several high-frequency high-acceleration peaks may, in fact, constitute only
minor excitation because of the short duration involved and may lead to only moderate or
small impulses when applied to a structural system.
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