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ABSTRACT

Reports on the observed damage caused by destructive earthquake

ground motion and numerous instrumented studies have shown that the

nature of strong shaking is influenced by the local site conditions.

While the manner of characterization of these effects and the choice

of their physical "basis" still represents a topic associated with many

uncertainties, it has become possible, during the past several years,

to improve the description of these effects empirically. This report

presents some recent accomplishments in the analysis of these effects

by focusing on the dependence of Pseudo Relative Velocity spectrum

amplitudes on the "size" of local geologic inhomogeneities. It presents

the empirical scaling functions of these spectra in terms of (a) magni'-

tude and epicentral distance, or (b) thdified Mercalli Intensity at the

site. It also considers" differences between horizontal and vertical

ground motions, dependence of amplitudes on depth of alluvium deposits

beneath the site and the distribution of spectral amplitudes about the

empirical scaling functions.



INTRODUCTION

Numerous recent studies have shown that the site conditions con-

tribute significantly to the changes of amplitude (Trifunac and Brady,

1975; Trifunac, 1976; 1979; Trifunac and Anderson, 1977; 1978a,b;

Trifunac and Lee, 1978) and of duration (Trifunac and Westermo, 1976;

1977; Mestermo and Trifunac, 1978; 1979) of strong earthquake ground

motion. There is little doubt now that in the linear response range,

wave amplitudes with periods longer than about 0.3 sec are amplified

as they propagate through "softer" geologic deposits. Amplitudes appear

to be attenuated, though not significantly, for periods shorter than

about 0.3 sec, thus leading to larger amplitudes of strong shaking

for high frequency at igneous rock sites.

As in other wave propagation phenomena, the amplitudes of strong

earthquakes waves once emitted from the source depend mainly on the

variation of impedance and on the "size" of the inhomogeneities en-

countered along the propagation path. If the impedance jump across a

discontinuity is large and if the size of the inhomogeneity is compar-

able to or greater than the wavelength of incident motion, major reflec-

tions and scattering will result in significant changes in the observed

ampl'itudes of lotii)n. Since the strong earthquake shaking of interest

to earthquake engineering falls in the frequency range from about 0.1 Hz

to about 20 Hz and since the seismic wave velocity near the earth's sur-

face is in the range from about O.l km/sec to about 3 km/sec, it is seen

that the corresponding wavelengths are from about 50 km to about 30 km.

Thus, the geologic inhomogeneities of dimensions within and close



to this range will influence the observed wave amplitudes. Further-

more, since the strong shaking is typically destructive only at dis-

tances less than 50-100 km from the source (Trifunac and Brady, 1975),

it is seen that the entire transmission path will contribute to the

changes in wave amplitudes. It follows that the extent of "local" site

conditions must be measured in terms of the wavelengths associated with

the periods of motion which are most important for a particular analysis.

For a tall building, a dam, or a bridge, for example, these "local" site

dimensions might be of the order of 10 km. For a stiff, small .building,

these dimensions may be from 10 m to several hundred meters .

How the "local" site conditions change the incident wave motions

depends also on the direction of wave arrival. In a realistic three-

dimensional setting the wave focusing and amplification may become very

complex and difficult to predict deterministically. If one knew (1)

where the next earthquake will occur, and (2) if one had a realistic

three-dimensional model of "local" conditions, it would be possible to

compute detailed transfer functions for a site. Unfortunately, at

present, neither of these two conditions can be met. The candidate

sites for future earthquake loci can be speculated on only through some

type of model of local seismicity. The three-dimensional geologic map-

ping up to the depths of say 10 km is not available for many parts of

the world and when something is available, the spatial resolution and
'I

detail may not always be ade'quate for the purpose of deterministic

computations. Even when must of the required information is available,
'I

it still will be necessary to describe the result in terms of a distri-

bution function'because: (1) earthquake sources. are distributed in space



and time and their future occurrence can be described only in a probabilis-

tic manner; and (2) the deterministic calculations of waves propagating

in three dimensions through an inhomogeneous medium will, for some time,

be able to provide credible results only for periods of ground motion

longer than say 1 second (Anderson and Trifunac, 1977). Thus, it is

seen that some type of random approach for representation of higher

frequencies may be required.

At present, many investigators continue to study the effects. of

local conditions by employing simplified site classification in which

the overall depth of near surface soil layers is typically of the order

of tens of meters. From the linear wave propagation viewpoint, it can

be seen that this approach is capable of portraying the effects in the

high frequency range only (say, f > 5 Hz). For these high frequencies

(short wavelengths), inhomogeneities in the top 10 km of the earth'

crust lead to significant "random" scattering so that it appears op-

timistic to expect that deterministic calculations for the top hundred

meters near the ground surface may have any significant additional

impact on the overall picture of the motion there.

Significant trends in the duration of strong shaking (Westermo and

Trifunac, 1978; 1979) and in the Fourier spectrum amplitudes (Trifunac

and Lee, 1978) at intermediate and at long period motion require that

local effects be measured on the scale of kilometers. This suggests

description of local conditions in terms of the overall geologic struc-

ture there. By using the geologic site classification of Trifunac and

Brady (1975), it has been possible to develop a family of empirical

scaling laws for different spectral amplitudes (Trifunac and Anderson,



1977; 1978a,b) 'and for the duration of strong shaking (Trifunac and

Westermo, 1976; 1977). While these models will remain useful for the

estimation of amplitudes and of duration of strong shaking when. only

limited near-surface geology is known at the site, analyses show Chat

a more refined site classification should incorporate some measure of

the "size" of. the local inhomogeneities (Westermo and Trifunac, 1978;

1979; Trifunac and Lee, 1978).

The aim of this report is to show that the scaling of the Pseudo

Relative Velocity {PSV) spectra can be analyzed by introducing the

depth of sediments beneath the site as a scaling parameter. In general,

wave velocities and, rigidities increase with depth. While these in-

creases may be irregular functions of depth, significant increases in

velocity and in rigidity should be experienced at the transition from

sediments into sound igneous rock. Therefore, the impedance jumps

and the depth of these discontinuities may then p'lay an important role

in governing the wave amplitudes and the number of consecutive reflec-

tions (duration) of strong motion between the ground surface and this

"strongest" discontinuity. While the depth of sediments alone is far

from sufficient to describe all important properties of the local site

conditions, other analyses show that the depth as a parameter does

contribute to the changes of Fourier amplitudes and of duration.

The estimates of the depths of sedimentary and alluvial deposits

beneath recording stations considered in this analysis range from 0 km

to about 6 km, with most sites having depth less than about 4 km. Com-

putation of these depths and other characteristics of the data base is

described elsewhere and need not be repeated here (Westermo and Trifunac,

1978).



SCALING OF PSV SPECTRA IN TERMS OF M, R, h AND v

In following the direction of the preceeding analyses (Trifunac

and Lee, 1978), the dependence of the spectral amplitudes of strong

motion is presented here in terms of the functional form of the defini-

tion of the local magnitude scale, M, and with a "correction" function

which includes the effects of geologic site conditions (h), horizontal

. versus vertical motions (v=O for horizontal and v=1 for vertical), fre-

quency dependent attenuation and the distribution of observed amplitudes

with respect to the assumed model amplitudes. In contrast with the

earlier model for scaling of PSV spectrum amplitudes (Trifunac and

Anderson, 1977) which was based on rough site classification (s=O for

alluvium, s=2 for igneous basement rock sites, and s=l for intermediate

sites), in this paper, we introduce a more continuous dependence on the

"size" of local geologic conditions "in terms of h (measured in km) and

representing the depth of sediments beneath the station. The scaling

equation is then

loglOCPSV(T)] = M + loglOA R - b(T)M - c(T) - d(T)h - e(T)v

— f(T)M -'g(T)R2 . (1)

In (1), PSV(T) is the amplitude of PSV spectra at period T and loglOAo(R)

represents the empirically determined function describing the overall

attenuation of amplitudes with epicentral distance, R (Richter, 1958).

The scaling functions b(T) through g(T) are determined through the

regression analysis at 91 periods. This analysis is performed in such

a way as to minimize the possible bias in the result that may come from

uneven distribution of data among magnitude, site conditions and from

the abundance of data for some earthquakes. All procedures in data



preparation and selection, and the form of the regression analysis

employed here are the same as in Trifunac and Lee (1978), and in

Trifunac and Anderson (1977), and thus will not be repeated here.

After smoothing along log10T axis, the functions a(T) through g(T)

(Figure 1) can be described by their amplitudes at 11 periods between

T = 0.04 sec and T = 7.5 sec (Table I). The ll periods appear to be

sufficient for most practical computations since the smoothness of b(T)

through g(T) is such that almost any interpolation scheme will yield

adequate estimates of their amplitudes at intermediate periods.

The functional form of, the dependence of log10[PSV{T)] on h was

examined in some detail since there is no obvious physical reason why

it should be linear in h. Several regression analyses have shown that

only d(T)h is a significant contributor to {1) with coefficients of h ,.

h and higher powers of h leading to the values which were undistinguish-

able from zero at 95K confidence 1'evel.

If b(T) through g(T) represent the best estimates of the functions

b(T) through g(T), the log10[PSV(T)] represents the best estimate of

log10[PSV{T)] at some period T. The residuals

e(T) = log10LPSV(T)] log10(PSV(T)l (2)

where in log LPSV(T)] the PSV spectrum is computed from recorded accel-
10

erograms then describe the distribution of the observed PSV(T) about the

estimated PSV(T). In this work, we assume that e(T) can be described

by a distribution of the form (Trifunac and Anderson, 1977; 1978a)

p{e,T) = [1 - exp( - exp(a(T)c(T) + g(T)))] { (3)

where p(e,T) represents the probability that log10[PSY(T)] - log10[PSV(T)]

~ e(T). From '(3), it follows that c(T) = 1/a(T) [g,n(-Rn(.l - p )) - 8(T)]1/N
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Regression Parameters

TABLE I

for Equation (1) and a(T), 8(T), N(T) at Eleven Selected Periods

Period T sec

q = 0.0
b(
C

10*d
e
f

1000*g
a

N

.040

-1. 020
5.950
0.011
0.168
0.125

-0.757
1.280
1.000

10

.065

-1.140
6.090
0.023
0.120
0.133

-0.795
1.190
0.988

10

0.11

-1. 320
6.150
0.046
0.109
0.146

-0.972 .

1.150
0.977

10

0.19

-1.150
5.240

-0.039
0.227
0.132

-1.850
1.240
0.985

10

0.34

-0.748
3.850

-0.217
0.329
0.101

-3.140
1.340
0.992

10

0.50

-0.577
3.350

-0.344
0.344
0.087

-3.970
1.350
0.995

10

0.90

-0. 717
4.030

-0.524
0.342
0.094

-4.590
1.410
0.912

8

1.60

-1.110
5.670

-0.747
0.311
0.117

-4.540
1.420
0.760

6

2.80

-1. 380
6.810

-0.929
0.260
0.136

-4.680
1.400
0.491

'

. 0

-1.250
6.420

-0.932
0.250
0.130'5.150

1.780
-0.021

2

7.50

-0.600
4.260

-0.806
0.217
0.087

-5.530
2.710

-0.691
1

0 = 0.02
b
c

10*d
e
f

1000*g
a

N

T
T

T
T .

T)
T)
T)
T)

-0.978
5.750
0.006
0.254
0.125

-1.090
1.630
1.010

10

-1.080
5.890

-0.003
0.213
0.132

-0.868
1.490
0.997

10

-1.280
6.060
0.004
0.191
0.148

-0.709
1.380
0.990

10

-1. 270
5.660

-0.035
0.271
0.148.

-1.600
1.410
0.997

10

-0.980
4.620

-0.135
0.353
0.124

-2.950
1.490
1.000

10

-0.784
4.090

-0.246
0.367
0.106

-3.670
1.490
1.000

10

-0.803
4.420

-0.457
0.364
0.101

-4.100
1.530
0.910

8

-1.120
5.790

-0.680
0.326
0.119

-4.160
1.510
0.742

6

-1.410
7.030

-0.846
0.275
0.140

-4.410
1.440
0.473

4

-1. 300
6.660

-0.875
0.266
0.134

-4.900
1.800

-0.300
2

-0.675
4.570

-0.783
0.229
0.092

-5.460
2.720

-0.683
1

g = 0.05
b(T
c(T

10*d(T
e T
f T)

1000*g T)
0 T
g T
N(T

-0.928
5.260

-0.009
0.270
0.121

-1.220
1.670
1.010

10

-1.010
5.710

-0.040
0.240
0.127

-1.050
1.560
1.000

10

-1.180
5.810

-0.042
0.229
0.141

-0.835
1.470

'.995
10

-1.200
5.490

-0.025
0.294
0.143

-1.560
1.490
1.000

10

-0.945
4.590

-0.101
0.365
0.122

-2.790
1.560
1.000

10

-0.771
4.120

-0.220
0.381
0.105

-3.420
1.560
1.000

10

-0.821
4.550

-0.421
0.381
0.103

-3.850
1.600
0.908

8

-1.130
5.870

-0.636
0.351
0.120

-3.990
1.570
0.740

.6

-1.400
7.050

-0.812
0.304
0.138

-4.130
1.480
0.471

4

-1.320
6.800

-0.855
0.292
.0.134

-4.350
1.820

-0.039
2

-0.761
4.940

-0.781
0.254
0.097

-4.870
2.710

-0.715
1



TABLE I -- Continued

10*d(T
e(T)
f(T)

1000*g(T)
.(T)

)g(T
N(T

0 = 0.20

g = 0.10
b(T)
c(T)

-0.871
5.450

-0.015
0.270
0.116

-1.650
1.680
1.010

10

-0.953
5.540

-0.043
0.256
0.123

-1.560
1.590
1.000

10

-1.110
5.630

-0.019
0.256
0.136

-1.350
1.530
1.000

10

-1.130
5.360

-0.002
0.310
0.137

-1.700
1.560
1.000

10

-0.897
4.540

-0.115
0.370
0.118

-2.630
1.620
0.999

10

-0.755
4.170

-0.224
0.387

~ 0.104
-3.220
1.600
0.999

10

-0.861
4.750

-0.397
0.390
0.107

-3.620
1.650
0.906

8

-1.130
5.930

-0.612
0.366
0.121

-3.730
1.620
0.737

6

-1.360
6.950

-0.777
0.317
0.136

-4.050
1.530
0.466

4

-1.360
6.990

-0.831
0.279
0.138

; -4.520
1.860

'0.036
2

-0.938
5.570

-0.785
0.234
0.111

-5.000
2.750

-0.696
1

b(
c'0*d
e(
f(

1000*g

T)
T)
T)
T)
T)
T)
T)
T
T

-0.873
5.460

-0.0004
0.290
0.116

-1.550
1.700
1.010

10

-0.940
5.520

-0.021
0.279
0.122

-1.790
1.620
1.010

10

-1.050
5.520
0.002
0.283
0.131

-1.900
1.580
1.000

10

-1.040
5.210

-0.018
0.330
0.130

-2.030
1.620
1.000

10

-0.891
4.660

-0.150
0.383
0.117

-2.800
1.660
1 .010

10

-0.795
4.430

-0.238
0.400
0.107

-3.380
1.630
1.010

10

-0.837
4.770

-0.364
0.400
0.105

-3.620
1.690
0.909

8

-1.060
5.780

-0.564
0.378
0.116

-3.590
1.680
0.732

6

-1.310
6.830

-0.748
0.337
0.133

-3.900
1.600
0.465

4

-1.340
6.980

-0.806
0.292
0.138

-4.320
1.940

-0.032
2

-1.030
5.940

-0.775
0.237
0.118

-4.640
2.820

-0.688
1
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and this result can then be employed to calculate from (1) the spectral

amplitudes which have a probability p of not being exceeded.

The probability p*(c,T) that c(T) will not be exceeded can be cal-

culated'at different periods T from amplitudes of PSV(T) spectra com-

puted from recorded accelerograms and from PSV(T) estimated from (1).

After finding the fraction of the residuals c(T) which are smaller

than a chosen value, for P*(c,T) = 0.1. 0.2, ..., 0.8 and 0.9, c(T)

smoothed along the log10T axis then appears as in Figure 2 for five

fractions of critical damping, g = 0;0, 0.02, 0.05, 0.10 and 0.20. The

smoothed surface p*(c,T) thus represents the distribution of data

(log10[PSV(T)j, computed from recorded accelerograms) with respect to

the estimate log10LPSV(T)3 in equation (1).

By means of a regression of equation (3) on the data presented in

Figure 2, it is possible to compute the estimates of a(T), g(T) and

N(T) at 91 periods between-0.04 sec and 15 sec. Figures 3 and 4 show

smoothed a(T), N(T) and g(T). u(T) and g(T) are shown for five damping

values between 0.0 and 0.20. Dependence of N(T) has been neglected.

Figure 5 presents the largest differences in the Kolmogorov-Smirnov

test and the X amplitudes plotted versus T and assuming that the model

in equation (3) with coefficients u(T), B(T) and N(T) as in Figures 3

and 4 describe the observed distribution. The theoretical limits on

the K-S and X amplitudes for 95% confidence level are also plotted2

2
in Figure 5 and show that except for high frequencies and the X test,

the model in equation (3) appears to be adequate for describing p(e,T)

in Figure 2. Figure 6 then presents the average, p(T), and the standard

deviation, c(T), for c(T) in Figure 2 and for. five dampings, g.
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Table I presents the estimates of b(T) through g(T), a(T), B(T)

and N(T) at eleven selected periods and for five percentages of criti-
cal damping g = 0.0, 0.02, 0.05, 0.10 and 0.20. Approximate significance

tests (Hestermo and Trifunac, 1978) of the coefficient functions b(T)

through g(T) (vertical bars in Figure 1 correspond to the 95% confidence

interval) show that all these functions are significantly different from

'zero in large subregions of the entire interval T c [0.04 sec, 15 secj. The

function d(T), for example, is significantly different from zero for

periods longer than about 0.3 sec . Table II presents log10A (R) which

has been empirically determined for southern California (Richter, 1958).

Equation (1) applies in the interval M - ~ M ~ M , where M-

-b(T)/(2f(T)) and M = (1 - b(T))/(2f(T)). For M ~ M . , M is used only

in the first term M in equation (1), while in the terms b(T)M and

f(T)M , M . is used. For M «M , M = M is used in all terms of (1).2
min max'ax

The reasons for this are described in Trifunac (1976) and in Trifunac

and Anderson (1977), and reflect the observations that the local Richter

magnitude scale, which is representative of most data employed in this

analysis, appears to become saturated as M grows beyond 7 to 7.5.

Figures 7 through 16 present examples of PSV(T) spectra computed

from equation (1) and for M = 4.5, 5.5, 6.5 and 7.5, for h = 0 and 4 km,

for p = 0.5 and for r. = 0.0, 0.02, 0.05, 0.10 and 0.20. The shaded re-

gions in these and many subsequent figures represent the range between

average and average plus one standard deviation of minimum recording

and digitization noise amplitudes. These noise amplitudes have been

computed by digitization of a fine straight line (Trifunac, 1976) which

is 2 to 3 times narrower than the 4 x enlargements of typical acceleration
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TABLE II

loglOA (R) Versus Epicentral Distance R*

R(km) -lo 10Ao R(km) -loglOA R R(km) -log10

0
5

10
15
20
25
30
35
40
45
50
55
60
65

1.400
1.500
1.605
1.716
1.833
1.955
2.078
2.199.
2. 314
2.421
2.517
2.603
2.679
2.746

70
80
85
90
95

100
110
120
130
140
150
160
170
180

2.805
2.920
2.958
2.989
3.020
3.044
3.089
3.135
3.182
3.230
3.279
3.328
3.378
3.429

190
200
210
220
230
240
250
260
270
280
290

'00

310
320

3.480
3.530
3.581
3.631
3.680
3.729
3.779
3.828
3.877
3.926
3.975
4.024
4.072
4.119

R(km) -loglOAo(R) R km -loglOA (R)

330
340
350
360
370
380
390
400
410
420
430
440
450
460

4.164
4.209
4.253
4.295
4.336
4.376
4.414
4.451
4.485
4.518
4.549
4.579
4.607
4.634

470
480
490
500
510
520
530
540
550
560
570
580
590

4.660
4.685
4.709
4.732
4.755
4.776
4.797
4.817
4.835
4.853
4.869
4.885
4.900

*Only the first two digits may be assumed to be significant.
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traces. Comparison of these noise amplitudes with the results of recent

studies presented by Trifunac and Lee (1979) shows that for high fre-

quencies (f > 5 Hz) spectrum amplitudes resulting from hand-digiti-

zation noise are slightly larger or comparable to the noise
ampli-'udes

resulting from well-controlled automatic digitization. At long

periods, the noise amplitudes shown in figures 7 through 16 are 2 to 3

times smaller than the estimates of noise amplitudes presented by

Tr ifunac and Lee (1979). Ilhile it appears now that the most reliable

estimates of digitization and processing noise are those presented by

Trifunac and Lee (1979), in all previous calculations we used the wave

~ amplitudes as presented in Trifunac '(1976'). For c'onsistency with all

earlier analyses and without any significant effects on the results

which are presented here, we employ the. same noise amplitudes in this

work.

The trends of computed PSV(T) spectrum amplitudes in Figures 7

through 16 are in many ways similar to those discussed by Trifunac

and- Anderson (1978a). The rate of growth of amplitudes with H

clearly decreases as H approaches H = 7.5. The effect of local geologic

conditions is important for intermediate and long periods and small for

high frequencies. This is illustrated by full and dotted lines in

Figures 7 through 16 which represent spectra for h = 0 and h = 4 km.

The vertical spectrum amplitudes are near ly as large as the horizontal

amplitudes for high frequencies.

Figures 17 through 21 illustrate the effects of epicentral dis-

tance R and damping <, on the changes of spectral amplitudes for p = 0.5,

H = 6.5, h = 2 and for horizontal (full lines) and vertical (dotted lines)
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motions. It is seen that for small r. vertical and horizontal spectrum

amplitudes are nearly the same. With increasing damping the high fre-

quency spectrum amplitudes of vertical motions become progressively

smaller and for g = 0.20 the shapes of horizontal and vertical spectra

become similar and not too dependent on epicentral distance R.

Figures 22, 23 and 24 compare the amplitudes of PSV spectra com-

puted from acceleration recorded during the Imperial Valley, California

earthquake of 1940, in El Centro, with spectrum amplitudes from equa-

tion (1) for p = O.l and 0.9, M = 6.4, h = 19500 ft, R = 15 km, g = 0.0,

0.02, 0.05, 0.10 and 0.20, and for vertical and two horizontal compo-

nents. The agreement between computed and observed amplitudes is

fair for vertical motions and good for horizontal motions.



35

KL CENTRO, 1940
VERT ICAL

80'Ya CONFIOENCE INTERVAL

VERTICAL
M~6.4, R~I5 km

Il R I9500 fI
f >0, 0.02, 0.05, O.l, 0.2

O.l

T (sec)

Figure 22



36

EL CENTRO, I940
S 90 VI

80% CONF I DENCE I NTERYAL
HORIZONTAL
M =6.4, R=ISkm
h=I9500 ft

( = 0, 0.02, 0.05, O.I, 0.2

I

T (sec)

Figure 23



37

IO

EL CENTRO, I940
SOOE

IO'O

0')

CA

C

10

IO

I-
C3

p=O9

~ 0

)0

CL

O.I

80% CONFIDENCE INTERVAL
HORIZONTAL
M=68, R=I5 km

h = I9500 fI
(= 0, 002, 0.05, O.I, 0.2

I

T (sec)

p=0. I

Figure 24



38

SCALING OF PSV SPECTRA IN TERMS OF MMI, h AND v

Following our previous work (Trifunac, 1979; Trifunac and Lee,

1978), we write

log [PSV(T)] = b(T)I +c(T) +d(T)h+e(T)v (4)

where IMM represents a numerical value (1,2,3,...,11 and 12) assigned

to the corresponding level on the Modified Mercalli Intensity (MMI)

at the site (I,II,~ ~ ., XI and XII) (Trifunac, 1979), and h and v have

the same meaning as in (1). The explicit dependence of PSV(T) on epi-

central distance is omitted here. Such dependence would decrease the

uncertainties associated with the estimation of PSV(T) in (4), but would

render the expression appl'icable only to those regions which have simi-

lar intensity attenuation with distance as southern California, the

source of most records in the present data base. Though a particular

intensity of shaking can be assigned for a small nearby earthquake as

for a distant large earthquake, formally equation (4) depends only on

the MMI at the site and thus is more general. A recent study (Anderson,

1979) has confirmed the usefulness of this approach by showing that the

end result in earthquake risk mapping based on equation (4) leads to

equal or smaller uncertainties than the scaling based on equation (1)

which includes explicit dependence on R.

The estimates of b(T) through e(T), denoted by b(T) through e(T),

have been computed for the regression analysis at 91 periods between

0.04 sec and 15 sec, and smoothed along loglOT axis (Figure 25). Table

III pre'sents these amplitudes at eleven selected periods. Figure 26

presents the residuals c(T) as defined in equation (2) by the difference

between loglOPSV(T) and log10PSV(T) for, g = 0.0, 0.02, 0.05, 0.10 and 0.20.



Regression

TABLE III
Parameters for Equation (4) and a(T), g(T), H(T) at Eleven Selected Periods

Perio ,T sec .040 .06 0.11 0. 9 .80 . 0 . 0

10*d T)
T)
T)
T)
T

0 = 0.02
b(T)
c(T)

10*d T)
e(T)
.(T)

l(ll
< = 0.05

b(T)
c(T)

1O*d(T)-
e(T)
(x T

s(~j

< = 0.0
b(T)
c T)

0.349
-2.730
-0.253
-0.134
1.940
0.230

2

0.310
-2.600
-0.096
-0.238
2.310
0.230

2

0.304
-2.560
-0.084
-0.257
2.410
0.231

2

0.332
-2.355
-0.276
-0.099
1.808
0.211

2

0. 307
-2.360
-0.134
-0.202
2.144
0.218

2

0. 299
-2.340
-0.130
-0.230
2.256
0.222

2

0.300
-1.605
-0.283
-0.109

1.751
0.184

2

0.298
-1.846
-0.211
-0.188
2.030
0.198

-2

0.291
-1.887
-0.211
-0.222
2.150
0.203

2

0.276
-1.061
-0.092
-0.233
2.012
0.175

2

0.286
-1.368
-0.173
-0.267
2.209
0.182

2

0.283
-1.471
-0.158
-0.288
2.309
0.188

2

0.266
-0.833
0.149

-0.329
2.393
0.176

2

0.279
-1.119
-0.007
-0.341
2.523
0.176

2

0.281
-1.249
-0.011
-0.352
2.602
0.181

2

0.267
-0.809
0.287

-0.347
2.506
0.181

2

0.282
-1.106
0.161

-0.358
2.610
0.182

2

0.287
-1.240
0.128

-0.366
2.670
0.185

2

0.291
-1.006
0.523

-0.346
3.634

-0.457
1

0.307
-1.296
0.435

-0.353
3.804

-0.453
1

0.313
-1.436
0.376

-0.363
3.869

-0.450
1

0.325
-1.380
0.801

-0.286
3.196

-0.502
1

0.341
-1.630
0.714

-0.302
3.356

-0.503
1

0.347
-1.757
0.664

-0.319
3.423

-0.496
1

0.328
-1.560

1.054
-0.208

2.666
-0.531

1

0.348
-1.793
0.963

-0.235
2.729

-0.540
1

0.354
-1.910
0.963

-0.262
2.779

-0.530
1

0.292
-1.421

1.097
-0.212
2.500

-0.533
1

0. 307
-1.608
-1. 020

-0.235
2.487

-0.541
1

0. 316
-1.748
1.060

-0.258
2.494

-0.528

0.235
-1.240
0.908

-0.234
2.636

-0.492
1

0.241
-1.340
0.877

-0.246
2.606

-0.494
1

0.250
-1.477
0.925

-0.263
2.559

-0.484
1



TABLE III -- Continued

T)
T)

T
T
T
T)

T)

Tj

T)

g = 0.10
b(
c(

10*d(

N

0 = 0.20
b
c

10*d
e

v(

0.301
-2.560
-0.041
,-0.273

2.440
. 0.230

2

0.292
-2.500
-0.046
-0.277
2.480
0.227

2

0.296
-2.352
-0.084
-0.254
2.328
0.223

2

. 0.289
-2.334
-0.059
-0.270
2.418
0.222

2

0.288
-1.927
-0.179
-0.250
2.260
0.208

2

0.'285
-1.987
-0.128
-0.280
2.411
0.210

2

0.283
-1.561
-0.161
-0.305
2.409
0.192 .

2

0.283
-1.681
-0.120
-0.325
2.533
0.196

2

0.283
-1.369
-0.039
-0.361
2.652
0.184

2

0.287
-1.529
-0.007
-0.369

2.681
0.190

2

0.290
-1.366

0.101
-0.372
2.710
0.186

2

0.295
-1.536
0.112

-0.379
2.710
0.194

2

0.315
-1.556
0.375

-'0.365
. 3.924
-0.450

1

0.318
-1.686
0.316

-0.372
3.934

-0.434
1

0.347
-1.847
0.647

-0.328
3.493

-0.495
1

0.346
-1.937
0.567

-0.339
3.538

-0.480
1

0.355
-2.000
0.892

-0.274
2.859

-0.532
1

0.354
-2.090
0.834

-0.287
2.966

-0.525
1

0.324
-1.861
0.982

-0.257
2.567

-0.530
1

0.329
-2.001

0.937
-0.265

2.677
-0.526

1

0.264
-1.624
0.874

-0.258
2.596

-0.487
1

0.278
-1.817
0.881

-0.262
2.663

-0.483
1
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The coefficients c(T), g(T) and N(T) in equation (3), which also applies

here, are also given in Table III. By, choosing the probability that

log10PSV(T) will not be exceeded, computing the corresponding c(T) and

adding this to PSY(T) amplitudes in equation (4) will yield a distri-
bution of spectral amplitudes for given I~, h and v.

Figure 27 shows the plot of 'u(T), B(T) and N(T) versus T computed

from regression analysis of the data on c(T) ( Figure 26) and in terms of

the assumed distribution function given by equation (3). The expected

value p(T) and the standard deviation a(T) of this distribution are

also shown in Figure 27. Figure 28 shows the smoothed largest differ-
ences (Kolmogorov-Smirnov test) between the distribution of c(T) as

modeled by equation (3) and the data (Figure 26) as well as the ampli-

tudes of y test versus period T. Comparisons with theoretical limits

corresponding to the 95'5 confidence level show that the distribution

function, defined in equation (3), together with the scaling functions

a(T), g(T) 'and N(T), is an acceptable candidate for analytic approxi-

mation of the distribution of log10[PSV(T)j with respect to the estimate
Pa

logl0 PSV T

Figures 29 through 38 present examples of PSV(T) spectral amplitudes

computed from equation (4) and for tNI = IV, VI, VIII,,X and XII, h = 0,

4 km, g = 0.0, 0.02, 0.05, 0.10 and 0.20, and for vertical and horizontal

motions. The plotted amplitudes for thNI levels X and XII are outside

the range where data is now available and thus cannot be tested. Those

amplitudes should be considered here only as an illustration of what

results from extrapolating on the basis of equation (4). Figures 39,

40 and 41 show comparison of spectra based on equation (4) (b1NI = VIII,
h = 19,500 ft), and the corresponding spectra from recorded accelerograms .
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As suggested by Trifunac and Anderson (1977; 1978a,b) and Trifunac

and Lee (1978), it is useful to check the internal consistency between

equations (1) and (4). Considering the distribution of the available

data among different epicentral distances, magnitudes and site inten-

sities (Trifunac and Anderson, 1977), it is seen that the "degree of

extrapolation" into the range of "largest amplitude of motion" is

smaller for equation (1) than for equation (4). The bulk of the avail-

able data is now distributed between N = 4.0 and M = 7.5 and between MMI

= IV and HNI = VII through VIII. If the "largest amplitudes of strong

shaking" correspond to M = 7.5 to 8 with R = 0 km and MMI = XII, it will
be seen that because of the saturation of the magnitude scale near

M = 7.5 to 8 (Trifunac, 1976; Trifunac and Anderson, 1977) equation (1)

formally does not require much extrapolation before M = M is reached.
max

On the other hand, extrapolation to NNI = XII on the basis of a regres-

sion model based on the data between NMI = IV to VIII is considerable,

since there are four intensity levels between MMI = VIII and NMI = XII

as there are between NMI = IV and NMI = VIII. Figures 42 and 43 show

the largest amplitudes of PSV spectra for N = 8.5 and R = 0 and for

HMI = XII. Both sets of spectra are plotted for h = 2 km, g = 0.0, 0.02,

0.05, 0.10 and 0.20, and for vertical and horizontal motions. It is

concluded from these figures that the slope Of equation (4) with re-

spect to I
N

is not contradicted by comparison with extrapolation

based on equation (1).
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CONCLUSIONS

The empirical scaling equations for PSV spectrum amplitudes pre-

sented in this paper display a number of trends- in the amplitudes of

stron'g earthquake shaking which should be useful for their estimation.

Inasmuch as so-far available data has been employed in this work, to-

gether with detailed scaling relationships which were tested previously

in similar (Trifunac and Lee, 1978) and related analyses (Trifunac and

Anderson, 1977; 1978a,b), it is noted here that the nature of these

models must be considered as preliminary only. These models will have

to evolve continuously through introduction of additional significant

scaling parameters and through the improvement in the existing func-

tional form of equations like (1) and (4). These improvements must be

based on the physical nature of the phenomenon and various present and

future new terms in the empirical scaling function should be based on

the functional form predicted by theory and experiment.

Numerous recent analyses with objectives similar to those in this

paper, have addressed the problem of empirical scaling of strong motion

characteristics through the formalism of a regression analysis only and

on the basis of often arbitrary functional forms which are convenient

for the fitting routines but cannot be judged by known physical features

of the problem. An attenuation often chosen in many regression analyses

of the amplitudes of strong shaking is of the form (a + R) , for ex-

ample, where a and n are constants determined through some fitting
,routine. While this functional form of attenuation can model one type

of wave in one distance range, it is not capable of describing the
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near-field terms (-R , -R ), body waves (-R ) and surface waves
-4 -2 -1

(-R ) simultaneously in one scaling relation. By using loglpA (R) de-

termined empirically in southern California, we have, through experi-

mental means, approached the attenuation description in a physically

proper way. In this sense, as many terms as possible in the empirical

regression analysis should be based on, or be directly motivated by, the

functional forms known to us from the earthquake fracture mechanics and

the wave propagation theory. Formal regression analyses may eventually

suggest the proper scaling forms but sound theoretical basis or at

least consideration of the known laws of wave propagation coupled with

detailed regression analysis of recorded motions will provide much

faster and more direct avenues towards the improved scaling relation-

ships. Though such principles have governed our choice of terms in

equations (1) and (4), much remains to be improved. For example, it
is clear that the attenuation of amplitudes with distance must depend

on the size of the fault relative to R and thus, on H or HHI at the

epicenter. It also must depend on the geologic features of the propa-

gation path in the sense analogous to the effects of local geologic

conditions. Inasmuch as it is possible to develop theoretical models

for such dependence, the present data base seems inadequate to justify
detailed analyses of this type because the small number of recordings

is just not sufficient to test and discriminate among many specific

theoretical assumptions.

At present, the simple rough models in equations (1) and (4) show

that there is significant effect of'eologic site conditions in inter-
mediate and long period waves. The average values of response
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amplitudes increase with depth, h, of local sediments, if the period

of ground motion is longer than about 0.3 sec. The scatter in parti-

cular recordings with respect to these average trends, however, in-

creases with the size and complexity of the geologic conditions. For

periods shorter than about 0.3 sec amplitude changes with h are small.

Though the systematic trends appear and lead to larger amplitudes on

igneous basement rocks there, the data and the scaling models considered

do not lead to d(T) which is significantly different from zero at high

frequencies.

The changes of PSV spectrum amplitudes and of its overall shape

depend simultaneously on magnitude, local intensity; epicentral dis-

tance, horizontal versus vertical motions, local geologic conditions

and the probability that certain amplitudes of a chosen T will be ex-

ceeded. In practical terms, this means that the common procedure(s)

for prediction of response spectrum amplitudes in terms of some peak

of ground motion (typically peak acceleration) and a "standard spectrum

shape(s)" cannot provide a scaling method which is capable of producing

spectral amplitudes which are consistent with recordings at all levels

of shaking, under different local conditions and uniformly for all

periods of motion. The direct method of estimating spectral amplitudes

as presented here offers all these advantages simultaneously and eli-

minates the uncertainties which result from using the scaling in terms

of peak acceleration.
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ON THE CORRELATION OF SEISiVIIC INTENSITY SCALES WITH THE

PEAKS OF RECORDED STRONG GROUND iMOTION

BY M. D. TRIFUNAC AND A. G. BRADY

Correlations of the recorded peak acceleration, velocity and displacement, and

the Modified Mercalli intensity have been carried out for 57 earthquakes and 187

strong-motion accelerograms recorded in the Western United States. Correlations

ofpeak acceleration with intensity, characterized by the data scatter exceeding one

order of magnitude, have lead to average peak accelerations which are higher than

those reported by a majority of previous investigators. New correlations, also

characterized by scatter of data of about one order of magnitude, have been

presented for peak velocities and displacements of strong ground motion versus

i>Iodified Mercalli intensity.
Grouping of all recorded data according to the geology underlying the strong-

motion accelerograph stations was carried out and permitted a study of the

possible effects that local geology might have on the peaks of strong-motion
acceleration, velocity, and displacement. Results of this analysis are as follows:

(1) For ground shaking of a particular t>iodified Mercafii intensity, average peak
acceleration recorded on hard rock is higher by a factor less than about two than

the average peak acceleration recorded on alluvium; (2) the effect of local geology
on the average peak velocity leads to marginally higher peak values on alluvium;
and (3) the peak ground displacements are larger, by a factor less than two, when

recorded on alluvium rather than on hard rock.

INTRODUCTION

Since the mid-sixteenth century when the first known attempts were made to classify

earthquakes according to some scale, well over 50 earthquake intensity scales have been

proposed in different countries all over the world. A summary and the bibliography on
these scales may be found in the papers by Gorshkov and Shenkareva (1958) and by

Barosh (1969).
Earthquake intensity scales are designed to describe the effects ofearthquakes on man,

structures, and their surroundings. Although certain instruments have been occasionally

employed in determination of the severity of shaking (e.g., Medvedev. 1953), a majority
of intensity scales used today still represent subjective description of human response to

shaking and the description of associated building damage. Therefore, numerous factors

related to the density of population, type of construction. and the social, economic. and

cultural environment may significantly affect the final quantitative description of the

intensity of shaking at a particular site.

It is important to consider, also, the fact that modern architectural and engineering

concepts include tall buildings and other structures whose natural periods of vibration
are well above the range of periods of those structures which were considered in the

original descriptions of the intensity of shaking. The existing intensity scales therefore

may not be applicable when considering the damage to these and other special structures

and care has to be exercised in these cases.

In the United States, the iviodified ivfercalli intensity scale is used (Wood and Neumann.

1931). Since 1949, the AiiA(Japan Meteorological Agency) intensity scale has become the
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standard seismic intensity scale in Japan (Kawasumi, 1951). In Russia, the GEOFIAN
(Geophysics Institute of the Academy of Sciences) scale was employed until recently
(Medvedev, 1953). Figure 1 shows the correlation of these three major intensity scales

made possible by a comparison of the detailed description of the intensity at each level.

During the last several years some effort has been devoted toward correlation and unifying
various scales used in different countries. An example of such an attempt is the ivIKS
intensity scale proposed by Medvedev, Sponheuer, and Karnik (1963). It is now in use

in Russia and is being tried in several other countries. For most practical purposes the
MKS and the Modified Mercalli intensities are essentially the same.

JAPAN

RUSSIA
GEOFIAN

UNITED STATES
MOO. MERCALLI

I )t

Fio. l. Correlation OI three major intensity scales.

Kawasumi tl05I)

Medvedev (l953)

Wood and Newman 093I)

During the last % years, with the rapid development of strong-motion seismology and
earthquake engineering, a significant number of excellent records have been obtained
from strong-motion accelerographs and can now be used for analysis. The magnitudes of
the earthquakes which svere recorded range from 3.0 to 7.7, with epicentral distances

ranging from a few tens to several hundred kilometers. It should be noted, however, that
although the number of recorded accelerograms is now just becoming adequate for some

preliminary statistical evaluation ofground motion parameters and their correlation with
the results of corresponding source mechanism studies, these data are still too sparse to
characterize the nature of seismic risk and the statistics of expected levels of strong
ground motion over a longer time frame. Consequently, in most seismic risk evalua-

tions for important structures, like nuclear power plants, tall buildings. schools, dams.

etc., use is made of data on recorded earthquake magnitudes and/or available reported
earthquake intensities. An incomplete record of earthquake intensities can be extended

as far back as written documents and reports can be found in newspapers. old books.

and old scripts. The diff)culty associated with characterization of earthquake risk by an

intensity scale is that, as will be shown in this paper. the subjective and qualitative nature
of intensity scales allows only a first-order correlation with the measured parameters

of strong ground motions.
Statistical characterization of the expected levels of ground motion at a given site in

terms ofearthquake intensity for a respective area will likely remain a common engineer-

ing practice for some years to come. For this reason, it seems worthwhile now to re-

evaluate the nature of correlations that may exist between earthquake intensity and the

amplitudes of recorded strong ground motion and to re-examine the meaning ot such

correlations irrespective of how ill-defined they may be. Our present effort is further
motivated by the tact that the ongoing massive program of strong-motion data processing

at the Earthquake Engineering Research Laboratory of the California Institute ol
Technology has provided abundant data of excellent quality particularly suited for such

analysis.

A IIIOTE ON HUMAN RESPONSE TO VIBRATIONS

The intricate nature of the subjective human response to and the description of the

general state of shaking induced by an earthquake plays an important role in the process

of evaluation and assigning of a level on the earthquake intensity scale for a given site.
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It seems appropriate, therefore, to summarize here some of the characteristic amplitudes
and frequency bands that characterize the human response to shocks and vibrations.

Numerous tests reviewed by Goldman and Gierke (1961) have shown that the
frequencies to which the human body responds with anxiety, discomfort, and pain range
from several to about 500 Hz. Thus, for example, the natural frequency of the thorax-
abdomen system for an average human subject is between 3 and 4 Hz. For the sitting man,
the fundamental frequency of the whole body is between 4 and 6 Hz. For the standing
man, this frequency is between Sand 12 Hz. Resonance of the head relative to the shoulders
has been observed in the frequency band between about 20 and 30 Hz. In this frequency
range the amplitudes of head displacement may exceed the amplitudes of the shoulder
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FIG. 2. Threshold of perception, unpleasantness limit, and tolerance limit of steady-state vibrations as a
function of frequency.

displacement by a factor of about 3. One important effect of this resonance is that visual
acuity deteriorates during vibration. The resonant vibration of an eyeball may take place
between 60 and 90 Hz. The fundamental frequency of the skull is between 300 and 400 Hz,
while the resonant vibration of the lower jaw relative to the skull takes place between

100 and 200 Hz. lt appears. therefore. that from the earthquake excitation viewpoint.
which is in the frequency band between 0 and about 30 Hz. one of the most important
resonant vibrations of the human body, which is excited in the standing. sitting, or lying
position, is that of the thorax-abdomen system.

Figure 2. redrawn from Goldman and Gierke ( l96 I ), summarizes frequency-dependent
amplitudes of steady-state vibrations that are associated with the threshold of perception,
unpleasantness, and the tolerance limits of human response. These results have been

derived from subjects exposed to vibration for S min or longer and thus represent a lower
bound of the vibration tolerance criteria that would apply directly to the transient
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excitation whose duration and character would correspond to that of earthquakes. The
top curve in Figure 2 summarizes the tolerance criteria for short exposure, less than
5 min, to vertical vibration. No single prominent criterion of tolerance can be found,
although the experimental results suggest that, in addition to the general discomfort,
shortness of breath in the frequency band between I and 4 Hz and chest pain in the
frequency band between 3 and l0 Hz were somewhat more prominent (Goldman and
Gierke, 196 l).

Several earthquake intensity scales contain some partial characterizations of different
earthquake intensity levels which are related to the nature of the response of the human
body. Due to the fact that the variability ofnatural frequencies characterizing response of
the human body to strong shaking is much smaller than the variability of natural
frequencies of buildings and other man-made structures, it would seem logical that
earthquake intensity scales should emphasize more the precise description of response
of the human body to strong shaking rather than that of the surrounding objects and
buildings only. It seems, however, that this possible improvement would not significantly
alter the accuracy nor the qualitative reliability of an earthquake intensity scale.

SOME SUGGESTED RELATIONSHIPS BETWEEN FEAI GROUND ACCELERATIONS AND
MODIFIED MERCALLI INTENSITY

From the very beginning of instrumental seismology, numerous attempts have been
made to correlate earthquake intensity scales with peak ground accelerations. One of the
first such attempts was carried out by Ishimoto (1932), who correlated the horizontal
components of peak ground acceleration with the six levels of the intensity scale used by
the Japanese Central Meteorological Observatory. The average curve for his data con-
verted to the equivalent iVIodified ivlercalli Intensity Scale is shown in Figure 3. This
conversion is performed by matching equivalent descriptions of human response or the
behavior of small structures (Barosh, 1969).

In l95l, Kawasumi proposed the following relation between the average peak
acc'eleration, c7, in centimeters per second per second and the intensity, I, on the Japanese
intensity scale

log a = -0.35+0.5I.

This relation, converted to the Modified iVlercaili Intensity Scale, is also shown in
Figure 3.

In l942, Gutenberg and Richter (also see Richter, l958) correlated the peak accelera-
tions with the Modified iVlercalli Intensity Scale and proposed the following relation

log a = -0.5+0.33I.

In l956, Hershberger derived another relation given by

log a = -0.90-;0.43I.

Savarensky and Kirnos (l955) pointed out that it is possible to determine only roughly
the maximum acceleration corresponding to various intensity levels. Their minimum
estimates for peak acceleration versus the Modified i>Iercalli intensity are also shown in
Figure 3.

For an average epicentral distance of about l5 miles, Neumann (!954) proposed the
relation

log a = -0.04l +0.308I,

which is valid for epicentral distances of up to 25 miles only.
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For the MKS intensity scale (Medvedev and Sponheuer, l969) and for the Japanese

JMA scale (Okamoto, 1973), the range of possible peak accelerations is presented in
Figure 3 and Table l.
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FIG. 3. Relationships between peak ground acceleration and Modified Mercalli intensity, or equivalent
intensity when applicable..

TABLE I
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STRONG MOTION DATA

Since 1969 the Earthquake Engineering Research Laboratory of the California Institute
of Technology has been engaged in massive processing of strong-motion data. At this
time, routine analysis for about 1000 acceleration components has been completed.
These data have been compiled in four volumes: Volume I contains the raw uncorrected
accelerograms (Hudson er al., 1969), Volume II presents accelerograms corrected for
instrument response (Trifunac, 1972) and for base line (Trifunac, 1971), Volume III
presents the response spectra (Hudson et al., 1972a), and, Volume IVcontains the Fourier
amplitude spectra (Hudson er al., 1972b). This data-set contains 187 records or a total of
561 acceleration components from various free-field sites or the basements of tall buildings
and other structures and has been recorded during 57 strong earthquakes which are listed
in Table 2. As may be seen from this table, these data are representative of strong earth-
quake ground motions in the western United States only.

Volume II (Hudson er al., 1971) of the strong-motion data processing is particularly
suitable for use in this paper since it contains corrected accelerograms and the integrated
velocity and displacement curves. These data can be readily used to correlate the peak
values of strong ground motion with the observed earthquake intensity levels.

It may be noted here that some processing errors are inevitable throughout the entire
data analysis procedures that lead ultimately to double integration of accelerograms.
To diminish these errors the accelerograms have been band-pass filtered between 0.07 Hz
(or 0.125 Hz, Trifunac et al., 1973) and 25 Hz (Hudson er al., 1971). IVhile the digital
filtering diminishes most of the adverse effects introduced by digitization and processing
noise, it systematically decreases the exact peak values, since the D.C. and the high-
frequency components of ground motion have been filtered out. Although present in all
data used in this paper, these errors are important for only several per cent ofall the peak
values presented, since only a few strong-motion accelerograms have been recorded close

enough to the causative faults to experience significant D.C. contributions to the ground
motion. At intermediate and large distances, diffraction around the fault plane rapidly
diminishes the relative contribution of the static D.C. displacement field and the band-
pass filtered velocity and displacement are essentially the same as the exact unfiltered
ground motions (Trifunac and Lee, 1974).

CoRRELATIQNs QF PEAK AccELERATloN, VELocITY) AND DlsPI.AcEMENT wITH
MODIFIED MERCALLIINTENSITIES

The physical basis for correlating an earthquake intensity scale with the recorded levels

of strong ground motion is dubious indeed. The descriptive nature of an intensity scale

in terms of broken dishes, cracked windows, damaged buildings, landslides. or tsunamis
generated, to name only a few terms often used, is qualitative and descriptive at best. but
certainly not quantitative and accurate from the point of view of the dynamics of struc-
tural response. It is quite clear. however. that this type ofdescriptive scaling ofearthquake
effects on man and his environment will have to stay with us for quite some time. Even

though we are at present witnessing rapid expansion of strong-motion accelerograph
networks in seismically active areas of the world. it will take many years before these

networks are completed and many more years before adequate data are collected for
future analysis. In the meantime, however, earthquake engineers will have to use

information that is now available, but with an understanding of its poor accuracy, the
wide scatter of available data points, and sometimes the lack of a physical basis for the
correlations which are employed.



TABLE 2

DATAFOR EARTHQUAKES PROVIDING RECORDS USED IN THIS STLIDYe

No.

I
2

3

4

5

6

7

8

9

10

ll
12

13

14

15

16

17

18

19

20

21

22

23
24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

Earth uake Area

Long Beach. Cal.
Southern Cal.
Eureka, Cal.
Lower Cal.
Helena, Mt.
Helena, Mt.
Helena, Mt.
Helena, Mt.
Hutnboldt Bay, Cal.
Imperfal Valley, Cal.
Imperial Valley, Cal.
Imperial Valley, Cal.
Northwest Cal.
Imperial Valley, Cal.
Northwest Cal.
Santa Barbara,.Cal.
Northern Cal ~

Torrance Gardens, Cal.

Borrego Valley, Cal.

Northern Cal.
Western Wash.

Irnperlal Valley. Cal.
Northwest Cal.
Kern County, Cal.
Kern County, CaL
Northern Cal.
Southern Cal.
Imperial Valley, Cal.
Wheeler RLdge, Cal.
Central Cal.
Lower Cal,
Eureka, Cal.
San Jose, Cal.

Imperial County, Cal.
Imperial County, Cal.
Imperial County, Cal.
El Alamo, Baja Cal.
El Alamo, Baja Cal.
Southera CaL

San Francisco, Cal.
San Francisco, Cal.
San Francisco Cal.
San Francisco, Cal.
Central Cal.
Northern Cal.
Holllster, Cal.

Northern Cal.
Puget Sound, Wash.

Southern Cal.
Parkfleld, Cal.
Gulf of Cal.
Northern Cal.
Northern Cal.
Northern Cal.
Borrego Mtn., Cal.

Lytle Creek, Cal.
San Fernaado, Cal.

Mo. ~Da Year
Mar. 10, 1933

Oct. 2, 1933

Jul. 6, 1934

Dec. 30, 1934

Oct. 3L, L935

Oct. 31, 1935

Nov. 21, 1935

Nov. ZS, 1935

Feb. 6, 1937

Apr. 12, 1938

Jun. 5, 1938

Jun. 6, 1938

Sep. Il, 1938

May 18 1940

Feb. 9, 1941

Jun, 30, 1941

Oct. 3, 1941

Nov. 14, I 941

Oct. 21, 1942

Mar. 9, 1949

Apr. 13, 1949

Jan. 23, 1951

Oct. 7, 1951

Juli 21, 1952

JQI. 23, L952

Sep. 22, 1952

Nov. 21, 1952

Jun. 13, 1953

Jan. 12, 1954

Apr. 25, 1954

Nov. 12, 1954

Dec. Zl, 1954

Sep. 4, 1955

Dec. 16, 1955

Dec. 16, 1955

Dec, 16, 1955

Feb. 9, 1956

Feb. 9, 1956

Mar. 18, 1957

hfar. 22, 1957

Mar. 22, 1957

glar. 22, 1957

Mar. 22, 1957

Jan. 19 ~ 1960

Jun. 5, 1460

Apr, 8, 1961

Sep. 4, 1962

Apr. 29, 1965

JQI. 15, L965

Jun. 27, 1966

Aug. 7, 1966

Sep. 12, 1966

Dec. 10. 1967

Dec. 18, 1967

Apr. 8, 1968

Sep. 12, 1970

Feb. 9, 1971

1754

0110

1449

0552

1138

1218

2058

0742

2047

0825

1842

0435

22LO

2037

0145

2351

0813

004Z

0822

04Z9
1156

2317

20L I
0453

0441

2346

2017

1534

1233

0427

1156

1801

2117

2142

2207

0633

0725

1056

1048

1144

1515

1627

1926

1718

2323

0917

0729

2346

2026

0936

0841

0407

FST
PST

PST

PST

MST

MST

MST

MST

PST

PST

PST

PST

PST

PST

PST

PST

FST

PST

PST

PST
PST
PST

PST
PDT
PDT
PDT
PST

PST

PST

PST

PST

PST

PST

PST

PST

PST

FST
PST
PST

PST

PST

PST

FST
PST
PST
PST

PST

PST

PST

PST

PST

PST

PST

0925 'ST
1830

0630

0600

PST

PST

PST

Time
Time Zone

Lat. (iN)
~ i II

33 37 00

33 47 00

41 42 00

32 15 00

46 37 00

46 37 00

46 36 00

46 37 00

40 30 00

32 53 00

32 54 00

32 15 00

40 18 00

32 44 00

40 42 00

34 22 00

40 36 00

33 47 00

32 58 00

37 06 00

47 06 00

32 59 00

40 L7 00

35 00 00

35 L7 00

40 L2 00

35 50 00

32 57 00

35 00 00

36 48 00

31 30 00

40 47 00

37 22 00

33 00 00

33 00 00

33 00 00

3L 42 00

31 42 00

34 07 06

37 40 00

37 40 00

37 39 00

37 39 00

36 47 00

40 49 00

36 30 00

40 58 00

47 24 00

34 29 06

35 57 18

31 48 00

39 24 00

40 30 00

37 00 36

33 ll 24

34 16 12

34 24 42

Long, LW)
~ I II

117 58 00

118 08 00

124 36 00

115 30 00

111 58 00

111 58 00

112 00 00

111 58 00

L25 15 00

L15 35 00

ILS L3 00

115 10 00

124 48 00

115 30 00

125 24 00

119 35 00

L24 36 00

L18 L5 00

L16 00 00

121 18 00
122 42 00

115 44 00

124 48 00

IL9 01 00

118 39 00

124 25 00

121 LO 00

115 43 00

119 01 00

121 48 00

I L6 00 00

123 52 00

121 47 00

115 30 00

115 30 00

115 30 00

115 54 00

115 54 aO

119 13 12

122 28 00

122 29 00

122 27 00

122 29 00

L21 26 00

124 53 00

121 18 00

124 12 00

122 18 00

118 31 18

120 29 54

'L14 30 00

120 06 00

IZ4 36 00

121 47 18

116 07 42

117 32 24

118 24 00

Depth
~km

16. 0

16. 0

16. 0

L6. 0

16. 0

L6. 0

16. 0

16. 0

16. 0

16. 0

16. 0

16. 0

16. 0

16. 0

16. 0

16. 0

16. 0

16. 0

16. 0

13. 8

11. 0

15. I
6. 0

16. 0

Ll. I

8. 0

13. 0

6.3
5.4

6. 5

6.0

3 ~ 0

5. 0

4.0
5. 5

6. 7

6.4
5 ~ 9

5.4
6.5
5. 3

To I
5.6
5.8
T. 7

5. 5

5. 5

5.9
5..3

6. 3

6. 5

5. 8

4. 3

3. 9

5.4
6. 8

6.4
4 7

3. 8

5. 3

4. 0

5. 0

5. 7

5

5. 0

6. 5

4. 0

5. 6

6.3
6. 3

5.8
5. 2

6.4
5.4
6.4

Max.

9

6

5

9

8

3

6

6

5

6

10

8

7

8

7

7

8

7

7

II

I

6

5

7

5

5

6

I

0

8

0

i

6

7

6

6

i
7

11

'lanks indicate unavaiiab)e information. ~Iany Southern California earthquakes have an assumed

depth of 16 km.
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Perhaps one of the most important omissions in the majority of available correlations
of peak ground acceleration with earthquake intensity is that insufficient stress is put
upon the broad scatter of data points. By the time some of the empirical correlations
reach an earthquake engineering office they are presented in the form of a mathematical
curve that y'ves no indication of the possible degree of scatter and uncertainty in the
predicted values. Even though the mean trends of the peak values of strong ground
motion increase exponentially with respect to earthquake intensity, the observed scatter
of data is so large that one peak estimate of a ground motion amplitude could be associ-
ated with several different intensity levels.

TABLE 3

MEAN VALUES AND STANDARD DEVIATIONS OF PEAK ACCELERATION, VELOCITY AND DISPLACEMENT FOR

DIFFERENT MODIFIED iVIERCALLIINTENSITIES IN THE WESTERN UNITED STATES

M IiL
Intensity Component

Acceleration - cm/secs Velocity - cm/sec Displacement - cm
No. of
data

points
used

IV

Ve rt.
Horis.
Vert.
Horir..

12. 50
12. 50

IZ. 50
16. 67 9. 32

l. 25 le 00 0,50 2
Io? 5 L.25 0.83 4

1. 25 L. 83 0. 47 3
250 125 L 83 075 6

VI

Ve rt.
Horia.
Vert.
Horis.

18. 56 10. 71 I ~ 63 l. 09 I. 29 0. 77 33
37. L2 29. 35 3. 48 2. 89 1. 92 2. 18 66

38. 99 34'5 3. ?3 Z.46 l. 92 1. Z7 67
8Z. 46 77.67 7. 57 5. 98 3. o9 3. 08 134

VII Vert.
Horis.

o8. 17 34. 78 7. 15 4. Z4 3. 54 . 00 75
131. 29 61. 30 16. 48 8. 46 8. 41 4. 48 150

YIII Ve rt.
Horis.

116. 67
166. 67

99. 39 o. 17 10. 45 7. 17 8. 75 6
84. 06 18. 95 9. 65 8. 58 6. 46 I?

XI

Ve rt.
Hot is.

687. 50
1087. 50 50. 0

58. 75
86.? 5 27. 50

19. 50
24. 0

I
L3. 50 2

Although l87 ground acceleration records (374 horizontal and 187 vertical com-

ponents) now available at the Earthquake Engineering Research Laboratory represent
the largest uniformly-processed set of strong-motion data ever collected, the number of
peak values that can now be used for correlation with the Modified Mercalli Intensity
Scale is still not adequate to cover the low intensity levels from I to IV and the high
intensity levels from IX to XII. This is shown in Table 3 which gives the number of data
points used in computing the mean and the standard deviations for different intensity
levels. The intensity levels at the recording stations were obtained Irom Uirired Stares

Eartlrquakes, published annually by the Seismic Engineering Branch of the U.S. Geo-

logical Survey (formerly the Seismological Field Survey of the U.S. Coast and Geodetic
Survey).

Figures 4, 5, and 6, based on the data summarized in Table 3, present the logarithms
of peak acceleration, velocity, and displacement plotted versus the Modified Mercalli
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intensity. Mean values of the peak amplitudes are presented by fullcircles for horizontal
and by empty circles for vertical components. The spread of data between one standard
deviation below and above the mean is indicated by the vertical error bars. Where
necessary, the lower limits of these. error bars have been terminated at —1 for convenience
in plotting.

A detailed study of Figures 4, 5, and 6 shows that even on the logarithmic scales the
spread, of the measured peak values of strong ground motion is quite large, about one
order of magnitude. This spread is also much larger for those intensities for which more
data points have been available for analysis, indicating that the real spread is probably
even larger than indicated by the presently available data.

For comparison with. the correlation formulas proposed by other investigators
(Figure 3), we approximated the average trends of the data presented in this paper by
making the usual assumption that the logarithm of peak values increases linearly with
intensity. For a limited range of Modified Mercalli intensities (1«M), these trends are
as follows:

1. Peak accelerations in centimeters per second per second for IV < IMM M X

log av 0,18+0.30 I„«
log au 0.014+0 30 IMM

2, Peak velocities in centimeters per second for IV 5 I«„< X

log v„= —1.10+0.28 I«pf

log v„= -0.63+0.25 I«,«

3. Peakdisplacementsincentimetersfor V 5 1«„g X

logdv = —
1 13+024 IM«

log d„= -0.53+0.19 I„«

(2)

(3)

where subscripts "V"and "H"designate vertical and horizontal components, respectively.
While interpreting the data in Figure 5 and the meaning of the average trends given

by equations (2), it is interesting to mention here the work of Neumann (1958) and the
results of damage of residences from blasting vibrations summarized by Duvall and
Fogelson (1962). By correlating the levels of damage with the peak velocity of ground
motion, they found that the safe motions are characterized by peak velocities less than
about 5cm/sec, that minor damage occurs for peak ground velocities between 5 and
about 14cm/sec, while the major damage takes place for peak velocities of about
19cm/sec and larger. These velocity amplitudes would correspond to the ivlodified
Mercalli intensities ofabout V to VI, VII to VIII,and VIIIto IX, respectively (Figure 5).
The associated degree of damage is in good agreement with the damage described in the
corresponding Modified Mercalli intensity levels.

As may be seen in Figure 6, for low intensities the trend of the observed peak dis-
placements tends to level off at a displacement amplitude of about 2 cm. This results
from the fact that at these low peak displacement amplitudes the true ground displace-
ments are indistinguishable from the recording and processing noise. It has been estimated
(Trifunac and Lee, 1974; Trifunac er al., 1973) that the maximum displacement amplitudes
that can result from the recording and processing noise alone in the frequency band
between 0.07 to 25 Hz are on the average about 2 cm. For this reason, in calculating the
average trends for the peak displacements versus Modified Mercalli intensity. we consider
only intensities V or greater.
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FIG. 4. Mean values and standard deviation error bars of peak ground accelerations plotted against
Modifted Mercalli intensity.
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FIG. 5. Mean values and standard deviation error bars of peak ground velocity plotted against Modifted
Mercalli intensity.
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Fto. 6. Mean values and standard deviation error bars of peak ground displacement plotted against
Modified Mercalli intensity.

Comparison ofour results in (I) with those in Figure 3 and Table I shows that equations

(l)define accelerations that are among the highest ever reported. Our results for horizontal
peak acceleration agree favorably with the trend proposed by iileumann (l954). It is

further interesting to note that the slope of the Japanese JMA (Okamoto, l973) and the

!vIKS (iVIedvedev and Sponheuer. 1969) proposed relationships are essentially the same

as ours. Our average trend is. however, higher by a factor of about two relative to the

center of the ranges proposed for the J!viA and ivtKS scales. This discrepancy might
be associated with the type of instruments used to measure peak accelerations in Russia

and Japan. To explain this possible cause we note that the peak ground accelerations are

typically associated with high-frequency components of ground motion. say 5 Hz and
higher. Only a few strong-motion accelerographs, however, have a flat frequency response

up to several tens of Hertz (Trifunac and Hudson, l970) and many have a diminished
high-frequency response. For example. a peak ground acceleration associated with the

frequency of 10 Hz would be reduced by a factor of 2 if it were to be recorded by the

Japanese Siv(AC accelerograph (Hudson. I972: Trifunac and Hudson, l970).
We have presented the average trends of peak values of ground motion [equations (I),

(2), and (3)) only I'or their comparison with previous results. iVe do not recommend that
these average trends be used to derive the expected peak values of ground motion in
terms of Modified!vlercalli intensities. Ifa result of this type is required. however. we do
recommend that all data in Figures 4. 5. and 6 be considered and that the peak values

be selected on the basis of a pre-defined degree of conservatism.

VARIATIONS OF PEAK ACCELERATION, VELOCITY AND DISPLACEMENTS FOR

DIFFERENT GEOLOGICAL CONDITIONS AND fOR A GIVEN EARTHQUAKE INTENSITY

lt is generally recognized that the geological setting of a point on or near the ground
surface has an important influence on the nature of the strong motions recorded there.
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Numerous studies have been carried out to explain and characterize these effects, but their
review and detailed discussion are well beyond the scope of this paper. We refer the
reader to the review papers by Barosh (1969) and Duke (1958) and to a recent analysis of
recorded ground motions by Trifunac and Udwadia (1974).

To determine the extent to which the geological conditions at a site might affect earth-
quake ground motion recorded there, the relationships of peak motion to intensity were
calculated for three separate site classifications. The groupings were made on the basis of
the hardness of the material at the instrument location together with a general knowledge
ofsome of the individual sites in the following way.

Eight members of the Earthquake Engineering Research Laboratory of the California
Institute of Technology participated in the estimation of site hardness. Two lists were
available to them, one describing briefly the site geology as prepared by the Seismic
Engineering Branch of the U.S. Geological Survey. (previously the Seismological Field
Survey of the U.S. Coast and Geodetic Survey) and the other describing the surface
geology read from geological maps (in California, using the Geologic Atlas of California,
published by the California Division of Mines and Geology). Coordinates of the accelero-
graph stations were available from the USGS. These two lists are reproduced in Table 4
with the corresponding estimates of the site classification, where 0 represents soft alluvium
deposits, 1 represents hard sedimentary rock, or an intermediate site between 0 and 2, and
2 represents basement or crystalline rock. Also included in this table is a column labeled
"U" where the site classifications of Duke et al. (1972) have been included where
available. Their classifications 3 and 4, for shallow and deep alluvium, are combined here
into the grouping 0, their sedimentary rock classification (2) becomes 1, and igneous or
metamorphic rock (1) becomes 2.

It should be noted here that we did not make an attempt to describe our site classifica-
tion in detail and precisely. We believe that it is virtually impossible to do this un-
equivocally and to satisfy all important constraints at the same time. This point is perhaps
best illustrated by the perusal of the eight different estimates for the "Abbreviated Site
Geology" and by the seven estimates for the "Data from Geological Map" which are
both presented in Table 4. What is meant by "base rock" or "deep alluvium," for
example, varies widely from one "expert" to another. The staff of the California Institute
of Technology that participated in this simple site evaluation consisted of seismologists,
geologists, and earthquake engineers. They are all well aware of what is meant by local
geological conditions of a strong-motion accelerograph site and have all thought about
the problem on many occasions. Yet their assignments of0's, 1's, or 2's to the same brief
description on the local geological conditions is perhaps the best example of the
ambiguities associated with such a simple classification.

All estimates, including those in column "U", were averaged for each site with the
result shown in the column "Ave.", with the following exceptions. In the Los Angeles
area eight groups of stations are sufficiently closely spaced that within each group one
would expect the site classification to be the same. However. in several instances.
indicated in the "Ave." column with a superscript ( ), this was not the case mainly
because of the effects of changed wording in the abbreviated site geology listing. The
"Ave.'olumn contains seven such adjustments of site classification to ensure consistency
across small geographical areas.

Figures 7, 8, and 9 present the histograms for the peak acceleration, velocity, and dis-
placement of the vertical and horizontal components of recorded ground motions for
the three Modified Mercalli intensities V, VI, and VII.The small number of data points
available did not call for construction of such histograms for the other intensity levels.
To show the relative contributions to these histograms f'rom the data recorded at "soft,'
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TABLE 4

GEOLOGICAL DATA OF TWO TYPES AND ESTIMATES OF SITE CLASSIFICATION FOR STATIONS PROVIDING

RECORDS USED IN THIS STUDY.
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"intermediate," and "hard" local geological conditions, their respective contributions
have been shaded as indicated in these figures.

One of the first results that emerges from the analysis of Figures 7, 8, and 9 is that the

scatter of data points is very large. In fact, for all peak values considered, the data are

broadly distributed, the spread increasing for larger lvlodified Mercalli intensities.
Table 5 and Figures 10, I I, and 12 present the mean and the standard deviation values

of the peaks for the three site classifications considered. Table 5 also summarizes the
number of data points available in each subgroup. It is seen that the largest number of
data, 63 per cent, is available for the soft geological sites, while only 29 and 8 per cent

of all data have been recorded at intermediate and hard geological sites.

TABLE 5

MEAN VALUEs AND STANDARD DEYIATIQNs oF PEAK AccELERATLDN, VELoc!TY, AND DISPLAcESIENT FQR

VARIOUS SITE CLASSIFICATIONS DURING SHAKING OF DIFFERENT ivIODIFIED iblERC*LLI INTENSITIES

M M. Int~
Site

CLassLLL-
cation Component

Acceleration - crn/secs Velocity - cm/sec Displacement - crn
No. oI
data

points
used

Vert. 15. 44 8. 05 I 84 I 36 I 38 0 96 17

Horia. 34. 56 26. 96 3. 8? 3. 61 ?. 41 2. St 34

v I Vert.
Horia.

t l. 43 11. 98 Ie 43 Oo 64 L. 21 0. 45 14

40. 18 32. 2S 3. 21 I. 81 1.43 0. 9? ZS

Vert. 25. 00 12. 50 L. 25 0. I. 00 0. 50
Horia. 37. 50 25. 00 2. 50 L. 25 I ~ 25 0. 83 4

VI 0

VI-I

VI 2

VII-0

Vert.
Horia.
Ve rt.
Horia.
Vert.
Hor lr,.
Vert.
Her la.

3?. 27 29. 31 3 05 2 55 2 03 I 42 43
65. 99 71. 24 7. 70 6. 13 4. 3. 36 S6

44. 85 39. 07 3. 0 I I. o6 I. 68 0. 98 17

113. 97 92. 14 7. 57 6. 13 2. 97 2. 48 34

66. 07 33. 88 4. S2 2. 95 I. 79 0. 70
107. 14 35. 58 6. 79 4. 45 2. 21 I. ZS 14

68. 50 34. 48 7. 35 4. 59 3. 70 2. 14 50
IZS. 41 6O. ZS 16. 50 8. 49 8. 83 4. 39 LOO

VII-I Vert.
Horia.

6?. 50
L31. 87

31. 62
53. LS

7 12 3 'T 3 50 I 67 20
17. 81 8. 21 8. 60 4. 40 40

VII ?
Vert.
Hor is.

87. 50 41. 83 5 ~ 25 2. 55 ? ~ 10 l. 02 5

157. 50 89. 30 11. 00 6.S4 3. 50 2. 28 lo

Figure 10 shows that, for ground shaking of a particular Modified Mercalli intensity
the average peak acceleration is larger for the solid rock sites than it is for thesoft rock or
alluvium sites. Although these variations in the peak acceleration do not exceed a factor
of about 2 and the large standard deviations indicate that the observed differences are

not significant, the trend of increasing peak acceleration for harder local geological

conditions is apparent and consistent for all six data subgroups shown in Figure 10.

It is interesting to note that this result is in direct contradiction with the common enaineer-

ing speculations about the effects of local site conditions on the peak amplitudes ot strong-

motion accelerations (e.g.. Couiter et al.. 1973: Schnabel e? al.. 1972).

Figure 11 indicates that with the exception of vertical components for intensity VI,
the average peak velocity is larger for the softer local site conditions by up to about

50 per cent. The large spread of data indicated by the long error bars equal to one

standard deviation shows, however. that these differences are not significant.
Dependence on local site conditions of the peak around displacements is shown in

Figure 12. It is seen that the expected displacement peaks increase with decreasing stiffness

of local site conditions and that this increase is always less than about two-fold. Again,



158 M. D. TRIFUNAC AiVD A. G. BRADY

200
O

E

I
R
O
I-
«t

IOO

HOR I Z VERT

0 I 20 I 2

SITE
CLASSIFICATION
0-SOFT
I - INTERMEOIATE
2- HARO

HORIZ VERT HORIZ VERT

0 I 20 I 20 I 2 0 I 2

M.M. INTENSITY

FIG. 10. Mean values and standard deviation error bars of peak ground acceleration, classified by site
and component direction. plotted against Modified Mercalli intensity.
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FIG. I I. Mean values and standard deviation error bars of peak ground velocity. classified by site and
component direction. plotted against Modified Wlercalli intensity.
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Fio. 12. Mean values and standard deviation error bars of peak ground displacement, classified by site
and component direction, plotted against Modified Mercalli intensity.

the spread of data points as measured by the standard deviations shows that these

variations are not significant.
In an attempt to explain the observed trends of peak values for diflerent site conditions,

it seems that at least two basic phenomena have to be considered. The first deals with the

manner in which the ear'thquake waves are attenuated by propagation away from the

source. The second is related to the complicated transfer functions representing the local

site effects and the resulting influence on the peaks of a real-time function. The final

result, of course, depends on the relative participation of these two factors.

Attenuation with distance of high-frequency waves in the near-field of strong earth-

quake ground motion is not well understood, partly because there is no adequate data-set

to enable systematic studies of the problem. As a first approximation, the attenuation

law given by exp (-cob/2QP} is frequently used. Here co is the frequency of the wave

motion, 6 is the length of the travel path, P is the wave velocity, and Q is the attenuation

constant whose values range from about 50, for weathered soft soils, to about 2000 to

3000 for solid rocks.'For typical distances involved in strong-motion seismology, which

are less than about l00 km and typically several tens of kilometers. exp {-toh)2QP}
may be important only for higher frequency waves, say to > 6 rad'sec. Since the peak

accleration and peak velocity sample the high (say to > 30 radi'sec) and the intermediate

frequency band (say co > 6 rad/sec), attenuation described by exp j-cob,/2QP} would

seem to be important for the peak accelerations only and perhaps just marginal for the

peak velocity measurements. Thus, the high-frequency wave amplitudes associated with

the peak accelerations may be attenuated by as much as 5 or 10 times, while the inter-

mediate frequencies associated with velocities might be attenuated perhaps only several

times.
The local amplification of incident waves by surface topography (e.g., Boore, l972:

Trifunac, l973; Wong and Trifunac, 1974a) and abrupt changes in medium impedances
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(e.g., Aki and Lamer, 1970; Wong and Trifunac, 1974b) are also highly frequency-
dependent. Although only few two-dimensional solutions to such problems are available.
with no known solutions for the three-dimensional geometries, some general observations
that probably apply to all two- and three-dimensional problems can be summarized as

follows. First, for a transient wave amplitude to be significantly amplified, it is essential
to amplify a broad and representative frequency band uniformly. This is possible for
waves that are long relative to the typical size of the inhomogeneities through which they
propagate. While amplification of a given high-frequency component at a given point
may be quite high, geometric attenuation of a neighboring frequency point regularly
takes place. Thus, while sometimes a peak of a high-frequency wave may be highly
amplified, it can also be significantly attenuated. The net effect then is that the resulting
peaks of the high-frequency waves have widely scattered amplitudes and are on the
average slightly amplified (Wong and Trifunac, 1974a; Wong and Trifunac, 1974b).

Combining this with the effect of attenuation by exp (-cod/2QP), we find that the
observed trend of data in Figures 10. 11, and 12 for different site conditions is quite
consistent. Thus, soft soils will amplify low frequencies, and due to attenuation (low
Q and low P) the high frequencies will be reduced so that the displacements will be

enhanced while accelerations are reduced. For hard soils the high frequencies will be

amplified, but the attenuation will not be so important because both Q and P are large.
Thus, for hard soils or rock sites the acceleration will be amplified.

CoNcLUsIQNs

The role of this paper has been merely to re-examine some of the well-known correla-
tions between the recorded amplitudes of strong ground motion and existing earthquake
intensity scales. Its main contribution to this important subject perhaps lies in the

uniformity, accuracy, and number of strong-motion data used in the analysis. Our results
are comparable to most of the previously suggested correlations between the peak ground
acceleration and the Modified Mercalli intensity or its equivalent. However, our data
predict larger peak accelerations than most previous studies. Availability of accurately
computed ground velocity and displacement curves has enabled us to derive the expected
peak velocity and peak displacement amplitudes for recording sites having different
earthquake intensities. Although there is no obvious reason why the correlations
developed in this paper could not be used in other parts of the world. the data and the
conclusions of our study apply for the Western United States and the State of California
in particular. Lomnitz (1970) points out, for example, that in some parts of the world
intensity is evaluated by making an average estimate over a region. while in some other
parts (e.g., California), the maximum effects are used to determine a particular intensity
level.

In the development of the correlations between the peaks of the recorded strong earth-
quake ground motion and the Modified Mercalii intensities. we emphasized the weak-
nesses in carrying out such correlations. as well as the wide scatter of the measured peak
values. Although we presented the functional relationships between the peak values

and the Modified Mercalli intensity to compare the trends of our data with the relatioii-
ships suggested by previous investigators, we do not recommend the use of these average
trends for routine engineering design. However, if there is no better way of deriving the
expected peak values of ground acceleration, velocity, and displacements but from the
maximum expected Modified Mercalli intensity. we recommend that all broadly-
scattered data for each intensity level be considered from the probabilistic viewpoint and
with the pre-selected confidence levels appropriate for the particular study. This proba-
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bilistic decision process seems to be most suitable, since the peak values for each inten-
sity level have typically a range which is about one order ofmagnitude.

Systematic, but rough, partitioning of all recording sites into 0 for soft, 1 for inter-
mediate, and 2 for hard, according to the geology surrounding the recording station,
has been carried out. Dividing recorded peak values into the three corresponding
groups has enabled us to carry out a crude, but simple, test of the possible effects of
local site conditions on the amplitudes of the recorded strong ground motion. The results
of this analysis suggest that there is no significant difference between the peaks of strong
ground motion recorded in different geological conditions. Minor, but consistent, trends
have been detected, however, as follows: (1) Recorded peak accelerations are larger on
the hard rock sites than on alluvium by a factor which is less than about 2, (2) peak
velocities are only marginally higher on the sites located on alluvium, and (3) peak dis-
placements are higher for sites on alluvium than the peaks recorded on the hard rock
by a factor which is on the average less than about 2.
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