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ABSTRACT

In this paper, we present the current improvements in empirical
scaling of Fourier spectrum amplitudes of strong earthquake accelerations
by introducing the frequency dependent attenuation function which has
been developed (Trifunac and Lee, 1985) from the same data base. This
function replaces the Richter's empirical attenuation function which we
previously used together with a linear term in R, the epicentral distance.
By using the new attenuation function, the scaling model has the addi-
tional flexibility for estimating the Fourier spectral amplitudes from

earthquakes of given source dimensions and focal depths.






INTRODUCTION

The idea to scale Fourier amplitude spectra of strong earthquake
ground motion directly in terms of earthquake magnitude or Modified
Mercalli Intensity at a site is not new and has been considered by a
number of investigators during the past ten years. In fact, the basic
ideas and equations employed here are essentially the same as those we
presented in 1976 (Trifunac, 1976b). With recent significant increase
in the number of uniformly processes strong motion accelerograms
however, it has been possible to detect frequency and source size depen-
dent trends in the spectrum amplitude attenuation with distance. Because
such refinement of attenuation laws should lead to smaller scatter of
observed Fourier spectrum amplitudes about the empirical scaling models
and thus to more reliable estimates of the amplitudes of future strong
ground motion, the aim of this paper is to present the second generation
of "preliminary empirical scaling models..." (Trifunac, 1976b) by inclu-
ding this new description of amplitude attenuation with distance.

In some respects the analyses such as this one will continue to be
of preliminary nature so long as the new data will contribute new and
significant changes in the functional forms of the regression equations.
With the overall empirical scaling models slowly "converging" towards
an accurate and complete representation, it is hoped that the present
effort will contribute one such improvement.

In this analysis we continue to employ the "published" magnitude
scale to describe the size of earthquakes in our data base (Trifunac
and Lee 1985). With increasing number of well studied earthquakes for
which strong motion data are available, it should be possible, in the

near future, to develop similar empirical scaling relations, but in



terms of more "physical" earthquake source parameters, for example,
seismic moment and stress drop. Such scaling parameters are expected

to decrease the overall fluctuations of the recorded amplitudes about
the average empirical estimates. However, one of the principal uses of
the scaling models presented here will continue to be for the calcula-
tion of Uniform Risk Spectra (Anderson and Trifunac, 1978). Such proba-
bilistic estimates of strong ground motion are still, in many parts of
the world, based on old seismicity records where in some cases even the
estimates of earthquake magnitude have to be derived from old and often
incomplete data on reported intensities of shaking. While the empirical
relations between the seismic moment, magnitude and the reported inten-
sities are available, it is not clear, at present, how much could be
gained by converting all scaling relationships from magnitude to seismic
moment, for example.

In defining the "distance" between the earthquake source and the
recording stations, in this work we consider approximately the effects
of source depth and source size, but we continue to employ the epi-
central distance to define the principal horizontal distance component.
One could consider, instead the closest distance to a fault or distance
perpendicular to the fault projection on ground surface. Such distance
definitions would imply that some information on the distribution of
energy release along the fault is available. Since this is available
only for a small subset of earthquakes contributing to the data base
considered here, we chose to continue with the simplified distance

definition in terms of the epicentral distance.



PART I: SCALING OF FOURIER SPECTRA IN TERMS OF M, R, H, S, h and v

I.1T PREVIOUS ANALYSIS

During the regression analyses of earthquake strong-motion para-
meters in the 1970's Trifunac (1976b) suggested that the Fourier
amplitude spectra (FS) of strong motion acceleration at a selected set
of discrete periods, T, can be scaled in terms of the definition of the
earthquake magnitude scale and a "correction" function in the following
form:

109, 4LFS(T) ] =M + log A (R) - 10og ~{FS (T.,M,p,s,v,R)}, (I.1.1)
10 ) 1070 1020

where M is the local earthquake magnitude, ML; 1og]OA0(R) represents

the amplitude attenuation function (Richter, 1958) versus distance

(Table I.1.1). The term 1og]O{FSO(T,M,p,s,v,R)} represents a "correction"
function which incorporates the effects of: (1) distribution of obser-
vations with respect to the assumed empirical model, as represented by
the confidence Tevel p selected for the approximate bound of spectral
amplitudes FS(T)’p, (2) geologic site conditions, s, (s=0 for alluvium,
s=2 for basement rock, s=1 for intermediate sites), (3) horizontal versus
vertical ground motion differences, (v=0 for horizontal and v=1 for ver-
tical), and (4) the frequency dependent attenuation effects of amplitudes
versus distances, R. The term log]vo(R) was empirically determined for
Southern California (Richter, 1958) and is representative of wave fre-
quencies centered near the middle of the frequency band. for the data
obtained from digitization and data processing of strong motion accelero-
grams (0.1 Hz to 25 Hz). The term 1og]O{FSO(T,M,p,s,v,R)} was then
determined by regression analysis. The same empirical model was also
used for scaling of pseudo relative velocity spectra, PSV (Trifunac and

Anderson, 1978a) and relative velocity spectra, SV (Trifunac and

Anderson, 1978b).



Table I.1.1 ]og]OAO(R) vs epicentral distance R

R(km) -10910A0(R) R(km) -1og]OAO(R) R(km) —10910A0(R)
1 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 2.421 230 3.680 460 4.634
50 2.517 240 3.729 470 4.660
55 . 2.603 250 3.779 480 4.685
60 2.679 260 3.827 490 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



Trifunac and Lee (1978) refined the above analyses by introducing
a measure of the depth of sedimentary deposits beneath the recording
station, h, as a site characteristic to replace the scaling parameter
s mentioned above. The new scaling equation then became (equation (1)

of Trifunac and Lee (1978)):

1og]O[FS(T)]==M-F1og]0AO(R) - b(T)M - ¢(T) - d(T)h

2

-e(T)v - fF(T)M" - g(T)R , (1.1.2)

with all the parameters defined as above. The functions b(T), c(T), ...,
and g(T) are estimated by regression analysis at 91 periods T between
0.04 sec and 15 sec.

Note that in the regression equation (1.1;2) the second and higher
order terms of h, R, and the third and higher order terms of M are
neglected. It was pointed out then that there is really no physical
basis to assume that 10g]OFS(T) should be just a linear function of the
depth of sediments. Before choosing the final form for equation (1.1.2)
then, studies were carried out to find whether there is any significant
dependence of spectral amplitudes on h2, h3, ... etc. It was found that
with the database available then, the least-squares coefficients asso-
ciated with these higher order terms of h are indistinguishable from
zero at the 95% confidence level. It should be noted, also, that there
is no physical justification for the chosen parabolic dependence on M.
This choice is motivated by the simplicity of its mathematical form

and the apparent trend of data indicated in earlier analyses (Trifunac

and Brady, 1975).



Note that if the ]091OA0(R) in (I.1.2) were to represent the geometric
spreading, the term g(T)R would model the equivalent anelastic attenu-
ation. However, 10910A0(R) was derived empirically from data on actual
peak amplitudes in Southern California, and thus represents an average
combination of geometric spreading and anelastic attenuation. The term

g(T)R then only represents a correction to the average attenuation given

by 1og]OA0(R).



I.2 THE NEW DATABASE

The above regression analysis was carried out for 186 free-field
records corresponding to a total of 558 components of data from 57
earthquakes starting with the Long Beach earthquake in 1933 and ending
with the San Fernando earthquake in 1971. Through the years new earth-
quake acceleration data have been added to the original database. The
1ist of 57 earthquakes has now grown to 104, most of which occurred
in the regions of northern and southern California. Table I.2.1 is the
list of earthquakes now used in our database. Each Tine contains
information on the date and time of the earthquake, Tatitude and
longitude of the epicenter, focal depth, Tocal earthquake
magnitude and maximum intensity, if available, and the name of the
earthquake.

The original Tist of 186 free-field records corresponding to 57
earthquakes has now grown to 438 free-field records from these 104 earth-
quakes. With 3 components available for each record, this amounts to
a total of 1314 acceleration components, of which there are 876 hori-

zontal and 438 vertical components.
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TABLE TI.2.1
-EQ MON/DAY/YR TIME  LATITUDE LONGTITUDE (KM) MAX  NAME
# CODE DEG, MIN & SEC  DEPTH MAG MMI
1 3 10 1933 1754PST 33 37 00 -117 58 00 16.0 6.3 9 LONG BEACH, CALIF
210 2 1933 0110PST 33 47 00 -118 08 00 16.0 5.4 6 SOUTHERN CALIF
3 7 6 1934 1449PST 41 42 00 -124 36 00 5 EUREKA, CALIF
4 12 30 1934 0552PST 32 15 00 -115 30 00 16.0 6.5 9 LOWER CALIF
510 31 1935 1138MST 46 37 00.-111 58 00 6.0 8 HELENA, MT
6 10 31 1935 1218MST 46 37 00 -111 58 00 3 HELENA, MT
7 11 21 1935 2058MST 46 36 00 -112 00 00 6 HELENA, MT
8 11 28 1935 0742MST 46 37 00 -111 58 00 6 HELENA, MT
9 2 6 1937 2042PST 40 30 00 -125 15 00 5 HUMBOLDT BAY, CAL
10 4 12 1938 0825PST 32 53 00 -115 35 00 16.0 3.0  IMPERIAL VALLEY, CA
11 6 5 1938 1842PST 32 54 00 -115 13 00 16.0 5.0 IMPERIAL VALLEY, CA
12 6 6 1938 0435PST 32 15 00 -115 10 00 16.0 4.0 IMPERIAL VALLEY, CA
13 9 11 1938 2210PST 40 18 00 -124 48 00 5.5 6 NW CALIF
14 5 18 1940 2037PST 32 44 00 -115 30 00 16.0 6.710 IMPERIAL VALLEY, CA
15 2 9 1941 0145PST 40 42 00 -125 24 00 6.4 NW CALIF
16 6 30 1941 2351PST 34 22 00 -119 35 00 16.0 5.9 8 SANTA BARBARA, CAL
17 10 3 1941 0813PST 40 36 00 -124 36 00 6.4 7 NORTHERN CALIF
18 11 14 1941 0042PST 33 47 00 -118 15 00 16.0 5.4 8 TORRANCE-GARDENA CA
19 10 21 1942 0822PST 32 58 00 -116 00 00 16.0 6.5 7 BORREGO VALLEY, CAL
20 3 9 1949 0429PST 37 06 00 -121 18 00 5.3 7 NORTHERN CALIF
21 4 13 1949 1156PST 47 06 00 -122 42 00 7.1 8 WESTERN WASH
22 1 23 1951 2317PST 32 59 00 -115 44 00 16.0 5.6 7 IMPERIAL VALLEY, CA
23 10 7 1951 2011PST 40 17 00 -124 48 00 5.8 7 NW CALIF
24 7 21 1952 0453PDT 35 00 00 -119 01 00 16.0 7.711 KERN COUNTY, CALIF
25 7 23 1952 35 17 00 -118 39 00 KERN CNTY, CAL
26 9 22 1952 0441PDT 40 12 00 -124 25 00 7 NORTHERN CALIF
27 11 21 1952 2346PST 35 50 00 -121 10 00 .0 7 SOUTHERN CALIF
28 6 13 1953 2017PST 32 57 00 -115 43 00 16.0 5.5 7 IMPERIAL VALLEY, CA
29 1 12 1954 1534PST 35 00 00 -119 01 00 16.0 5.9 8 WHEELER RIDGE, CALI
30 4 25 1954 1233PST 36 48 00 -121 48 00 .3 7 CENTRAL CALIF
31 11 12 1954 0427PST 31 30 00 -116 00 00 16.0 6.3 5 LOWER CALIF
32 12 21 1954 1156PST 40 47 00 -123 52 00 7 EUREKA, CALIF
33 9 4 1955 1801PST 37 22 00 -121 47 00 7 SAN JOSE, CALIF

34 12 16 1955 2117PST 33 00 00 -115 30 00 16.0
35 12 16 1955 2142PST 33 00 00 -115 30 00 16.0
36 12 16 1955 2207PST 33 00 00 -115 30 00 16.0
9 1956 0633PST 31 42 00 -115 54 00 16.0
9 1956 0725PST 31 42 00 -115 54 00

IMPERIAL COUNTY, CA

IMPERIAL COUNTY, CA
7 IMPERIAL COUNTY

EL ALAMO, BAJA CAL

EL ALAMO, BAJA CAL

NORTHERN CALIF
NORTHERN CALIF

12 1966 0841PST 39 24 00 -120 06 00
10 1967 0407PST 40 30 00 -124 36 00

OO EERARNWPAOONTTIWHBTIOCTN IO OY
. L[] . * . . . L] . . . . . . L] . . . . L] (] .
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39 3 18 1957 1056PST 34 07 06 -119 13 12 13.8 6 SOUTHERN CALIF
40 3 22 1957 1048PST 37 40 00 -122 28 00 5 SAN FRANCISCO CA
41 3 22 1957 1144PST 37 40 00 -122 29 00 7 SAN FRANCISCO, CAL
42 3 22 1957 1515PST 37 39 00 -122 27 00 5 SAN FRANCISCO CA
43 3 22 1957 1627PST 37 39 00 -122 29 00 5 SAN FRANCISCO CA
44 1 19 1960 1926PST 36 47 00 -121 26 00 6 CENTRAL CALIF
45 6 5 1960 1718PST 40 49 00 -124 53 00 6 NORTHERN CALIF
46 4 8 1961 2323PST 36 30 00 -121 18 00 11.0 7 HOLLISTER, CALIF
47 9 4 1962 0917PST 40 58 00 -124 12 00 6 NORTHERN CALIF
48 4 29 1965 0729PST 47 24 00 -122 18 00 8 PUGET SOUND, WASH
49 7 15 1965 2346PST 34 29 06 -118 31 18 15.1 6 SOUTHERN CALIF
50 6 27 1966 2026PST 35 57 18 -120 29 54 6.0 7 PARKFIELD, CALIF
51 8 7 1966 0936PST 31 48 00 -114 30 00 16.0 6 GULF OF CALIF

9 7

2 6
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I.3 THE NEW ATTENUATION FUNCTION

The advantage in using the attenuation function, 1og]0AO(R)
(Richter, 1958), in the previous regression analyses has been that it
contains information on the average properties of wave propagation
through the crust in southern California, where virtually all strong
motion data have been recorded up to and during the 70's. The disadvan-
tages and Timitations have been that its shape does not depend on the
magnitude, source dimension and focal depth of an earthquake, on the
geological environment of the recording station, or on the amplitudes
of the recorded motions. That 1og]0AO(R) or its analog should depend
dn the geometric size of the fault has been discussed in some detail
previously (Trifunac, 1976b). Up to the 1970's only a few of the 186
records had epicentral distances less than 10 km and the empirical
derivation of different shapes of 1og]0AO(R), or its equivalent, to
reflect different magnitudes or source dimensions then was not feasible.

With the new database now available, Trifunac and Lee (1985) have
developed an iteration procedure for determining a new frequency depen-
dent attenuation function, a complete description of which is given in
the above reference. A brief summary and description of this new
attenuation function is given here.

To take into account that the attenuation function should depend
on the epicentral distance, R, on the focal depth, H, of the earthquake,
and the "size" of the fault, S, a parameter, denoted by A, is introduced

to replace the epicentral distance, R, and is defined as follows:

1,

2 2 2\\E

a = s/{an( 3R (1.3.1)
SO+R +H
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A can be thought of as a "representative distance" from the earthquake
source of size S, at depth H and at distance R from the recording site.
So 1s the coherence radius of the source. The definition of A used
here in equation I1.3.1 is identical to that used in Model III (equation
4.8) presented in Trifunac and Lee (1985). It has been proposed by
Gusev (1983) in his descriptive statistical model of earthquake source
radiation for the description of short-period strong ground motion.

The coherence radius So is taken to be a half of the wavelength, A,

for radiation of frequency f (or period T), namely, coherence radius,
So = M2 = CS/Zf = C,T/2, where C, s the velocity of the radiation

(in this work CS is taken to be 1 km/sec). Since the fault size, S,

of the earthquake is not available for most of the earthquakes used in
the data base,an empirical formula for the size, as a function of mag-
nitude, epicentral distance R and period of the spectral amplitudes

has been introduced as follows,

S = S(M,T) (1.3.2)
where S(M,T) is the size of the fault "felt" at the period T, and is
assumed to be a linear function of magnitude, M, so that for

M=3 S(M,T) = 0.2 km

(1.3.3)
M=6.5 S(M,T)

1]

56.5(T) km

and 36 5(T) is an empirically determined function. From (I.3.3),

S(M,T) takes the form

S(M,T) = 0.2 + (S T) - .2) (1.3.4)

6.5(
This definition of fault size "felt or "experienced" at the site is
independent of how close the site is to the epicenter of the earth-

quake.
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The new frequency dependent attenuation function then takes the

form (Trifunac and Lee, 1985):

(
aﬂb(T)1og10A Rs‘R0
Att(A,M,T) =4
udb(T)]OQ]OAO - (R-Ro)/ZOO, R > R0
\
with
/ -4
) R2 + H2 + SZ
R=+H + S
0
and 1
-2
Rg + HE + s2
A= S[en , (I.3.5)
0 Rg +HS + sg

where.dfo(T) is an empirically determined parabolic function of T. It
is used to calculate the attenuation function at distances R less than
Ro‘ For distances R > Ro’ the attenuation function is a Tinear function
of distance with slope -1/200. The transition distance RO is given by

(Model III; Trifunac and Lee, 1985):

2002 (T)(1-52/52) 200 2 (T)(1-52/5°) ‘
N 0 o + < 0 o )

o 2 10 10

_ a2,

(I1.3.6)

which is a function of H,S (hence M,R,T), SO and JIO(T). Detailed
description and plots of S¢ 5(T), JﬂO(T) and R and of the attenuation

function Ztt(A,M,T) are all given in Trifunac and Lee (1985).
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I.4 THE NEW SCALING RELATION

With the new attenuation function defined, the regression equation
of Fourier amplitudes to be used now takes the form:

]og]OFS(T) =M+ Ltt(A,M,T) + b](T)M

2

+ b2(T)h + b3(T)v + b4(T)A/1OO + b5(T) + b (T)M. (I1.4.1)

6

Equation (I.4.1) is of the same form as equation (I.1.2), the old scaling
equation, with the old attenuation function 1og]OAO(T) replaced by new
attenuation function «Ztt(A,M,T). The regression analysis is performed
on the new database of 1314 components of Fourier amplitude data FS(T),
at 91 discrete periods T ranging from 0.04 to 15.0 sec. This is in fact
Step 2 of the iteration procedure described in Trifunac and Lee (1985)
for the determination of the new attenuation function tt(A,M,T), and
is identical to the regression analysis procedure used with the old
database (Trifunac, 1976a,b; Trifunac and Lee, 1978). For completeness,
the details of this step are repeated heré.

The data are screened to minimize possible bias in the model that
could result from possible uneven distribution of data among the dif-
ferent magnitudes and from excessive contribution to the database from
several abundantly recorded earthquakes. To carry out this screening
the data are partitioned into six groups corresponding to magnitude
ranges: 2.0-2.9, 3.0-3.9, 4.0-4.9, 5.0-5.9, 6.0-6.9 and 7.0-7.9. The
data in each of these magnitude ranges are next subdivided according
to the site classifications s = 0,1 and 2. The data within each of
these subgroups were then divided into 2 sets corresponding to horizon-
tal (v=0) and vertical (v=1) components. The resulting data in each

of the groups correspond to the Fourier spectral amplitudes from a
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specified earthquake magnitude range for a specified site classifica-
tion and with specified component orientation. To properly balance
the effects of attenuation at small and large distances, the data in
each of the subgroups are subdivided further into 2 sets: one for
epicentral distances < 100 km and the other for distances > 100 km.
The data in each of these two final subsets are then arranged in
increasing order in terms of their amplitudes. If the number of data
points in the first set (R < 100 km) is less than 19, all the data
points are taken. If there are more than 19 points in this first set,
at most 19 points are selected from among the ordered set of data so
that they correspond uniformly, as close as possible, to the 5%, 10%,
.» 90% and 95% percentiles at distances R < 100 km. Similarly, at
most 5 points are selected from the second set (R > 100 km) of data
so that they correspond uniformly to around 16 2/3%, 33 1/3%, 50%,
66 2/3 and 83 1/3% percentiles at distances R > 100 km. This approxi-
mate scheme has the effect of reducing the biases described above.
Note that this selection process is repeated for each of the 91 periods
in the range .04 sec. to 15 sec. At the long period end, the Fourier
data whose amplitudes are below that of the average digitization noise
i.e., those with signal-to-noise ratio less than one, are automatically
eliminated before the above selection process. This will be the case
for many of the data from earthquakes of smaller magnitudes and/or
recorded at sites of larger epicentral distances. The number of data
points used in the regression analysis at the long period end are thus
comparatively smaller than those at the rest of the period ranges. The

resulting fitted coefficients at each period T resulting from linear
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N

regression will be denoted by b](T), b2(T), b3(T), b4(T), 65(T) and
SG(T), (equation (I.4.1)) respectively.
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I.5 THE NEW REGRESSION COEFFICIENTS

During the regression analysis, it was found that the linear term
in A in (1.4.1), b4(T), is insignificant for most of the periods. Sub-
sequently, this term has been deleted from the regression analysis and

the empirical scaling equation, (I.4.1), becomes

1091 FS(T) = M+ o tt(A,M,T) +

by (TIM + by(T)h + by(T)v + be(T) + by (TIN? (1.5.1)

1 2 5

Figure 1.5.1 shows by (T), SZ(T), 83(T), BS(T) and b.(T) (solid

i
Tines) and the estimates of their 80%, 90% and 95% confidence intervals
(Westermo and Trifunac, 1978), represented by the corresponding dashed
Tines.

Substituting these coefficients in equation (I.5.1) gives ﬁg(T),

where:

109, oFS(T) = M + A tt(A,M,T) +

2

b, (T)M + b, (T)h + bo(T)v + b (T) + b (T)M,  (I.5.2)

2( 3( 5( 6(
ﬁé(T) then represents the least squares estimate of the Fourier ampli-
tude spectrum at period T.

For given values of T, h, v and A, 1og]OFS(T) represents a parabola
when plotted versus M. Following the previous work, it is also assumed
in the present analysis that equation (I1.5.2) applies only in the range

M M<M__, where M = - b](T)/(2b6(T)) and Mooy = - (1+b](T))/

min =" = ma x min
(2b6(T)). Equation (I1.5.2) is then modified to:
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1og]OFS(T) = AZtt(A,M,T) +

M+ by (T + by(T)h + 63(T)v + 85(T) + BG(T)M2 .M M< M

N

+b](T)Mmax+b2(T)h + b3(T)v + b5(T) + b6(T)M§

ax ’ max =
(1.5.3)

In other words, for M < M M is used in the terms following

min® min
is used with b](T) and b

Min (I.5.3), i.e. M T). For M>M

6!

Mmax is used in all the terms. This will result in linear growth of

1og]OFS(T) with M for M < M

min max’

, in parabolic growth for Mmin <M S-Mmax

min
and in constant FS(T) corresponding to MmaX for all M Z'Mmax’ The

bottom curves of Figure I.5.1 show M and MmaX plotted versus T.

min
With FS(T) representing the Fourier amplitude spectra computed

from recorded accelerograms, the residues were calculated as in the
previous analysis (Trifunac and Lee, 1978), where the residue given by
e(T) = 1og]0[FS(T)] - ]og10[f§(T)], describes the distribution of the
observed FS(T) about the estimated fé(T). As in the previous work, it
is assumed that €(T) can be described by a normal distribution function
with mean u(T) and standard deviation o(T) as follows:

e(T) _ 2
e < L 7 . s le s

where p(e,T) represents the probability that 1og]O[FS(T)] - 1og]O[FS(T)].s
e(T).
For a given residual value ¢(T) at a particular period T, the actual

probability P*(e,T) that e(T) will not be exceeded can be evaluated by
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finding the fraction of residues (T) (computed from the database at
that particualr period) which are smaller than a given value.

For p*(e,T) calculated at 91 periods, e(T) corresponding to p* =
0.1, 0.2,...,0.8 and 0.9 are plotted in Figure I.5.2. The nine sets of
curves, plotted versus period, T, from bottom to top correspond to one
at each of the probability levels, 0.1 through 0.9. At each of the
nine probability levels, the rough solid curve represents the actual
calculated residuals at that particular level. The smooth solid curves
are obtained by smoothing the rough solid curves along the T-axis. The
smooth surface p*(e,T), from the nine smooth solid curves thus repre-
sents the distribution of data (FS(T) computed from recorded accelero-
grams) about the estimate EE(T) in (I.5.1). By fitting p(e,T) in (I.5.4)
to p*(e,T) at 91 periods, the mean and standard deviation of the assumed
normal distribution function, respectively ﬂ(T) and S(T), can thus be
evaluated. Substituting these values into (I.5.4) with p(e,T) equal to
0.1 through 0.9 will result in ;(T) for the nine probability levels to
be calculated. These are the nine dashed Tines in Figure I.5.3. The
surface p*(e,T) that resulted from the new model in the present analysis
(Figure I1.5.2) is narrower in e range when compared to the corresponding
surface in our previous analysis (Figure 2 of Trifunac and Lee, 1978).

To test the quality of fit of E(E,T) to p*(e,T) as in the previous
analysis, two statistical tests for goodness of fit, namely the
Kolmogorov-Smirnov (K-S) and the X2 tests of the hypothesis that p*(e,T)
can be approximated by a normal distribution p(e,T) (equation (I.5.4))
have been performed. The Kolmogorov-Smirnov statistic calculates, for
each period T, the maximum allowed difference between the estimated and

the calculated probability levels:
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KS(T) = max | p(&,T) - p*(e,T)]| . (1.5.5)
€

To calculate the X2 statistic, a standard procedure was adopted, which
is different from that of the previous analysis, so that the number of

intervals used is the same for all periods, T:

Step 1: The e-axis of residues is subdivided into 10 intervals
Iy» Iys---51g such that I, = [§k1§k+1] for each i contains residues in
the probability levels between Py and P+ where Py = 0.1k. The
residues are divided in intervals of 10% probability each: 0-10%,

10-20%, ... to 90-100%. Note that €, = ~* and £10 =

+ o,

Step 2: For each €,» the estimated probability level Py = p(Ek,T)is
computed from (I.5.4) using the estimated coefficients uk(T) and gk(T).
Note that P, = p(go,T) = 0 and P10 = p(EqO’T) = 1. The estimated pro-
bability that the residue e assumes any value in the interval Ik[gk’§k+1]’
for k = 0 to 9, is then given by the difference Pesq - pk. The actual
probability that the residue ¢ assumes value in any of the intervals is

of course the chosen value of .1 (10%).

Step 3: In each interval Ik’ k=0 to 9, define

n, = (pk+] - pk)N, and

Ny 0.1 N, (I1.5.6)

where N is the total number of residues in all the intervals. N is
the estimated number of residuals theoretically expected in the interval
Ik and nk is the actual number of residues in the same interval. The

X2 statistics are then calculated from the formula
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~ 2

9 (n,-n)

X2(T) = po—K kT (1.5.7)
k=1 Ny
Another convenient form of (I1.5.7) for X2 is
~ N 2
9 (ppyq-p--1)

X(T) = N ktl Tk (1.5.8)

k=0 (Pyarpy)

Note that this differs from the X2 statistics used in the previous analy-
sis by having the factor N. The above definition is adopted from
Kreyszig (1972).

Having computed the values of KS(T) and XZ(T) for each period T,
those were compared with their corresponding cutoff values at 95%

probability level. For the Kolmogorov-Smirnov statistic,

P(KS<C) =95 = CC=0.058. (I.5.9)

Thus if KS(T) < 0.058, the hypothesis that the probability distribution

is normal will not be rejected. Similarly, for the X2—statist1c, with

~

K'=10 intervals, r = 2 the number of parameters used in estimating N>

the number of degrees of freedom is K-r-1 = 7, and

P(X2 <€) =95% = ¢ =14.07. (1.5.10)

Thus again if X2(T) < 14.07, the hypothesis that the probability distri-

bution is normal will not be rejected.

Figure 1.5.3 shows a plot of the statistical parameters of the resi-

duals, The smooth amplitudes of ﬁ(T) and 8(T) and their 95% confidence
intervals are given in the top 2 plots of the figure respectively. The

two full curves in the bottom of Figure 1.5.3 show the smoothed ampli-

tudes of the computed X2(T) and KS(T) respectively. The dashed
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Tines are their corresponding 95% cutoff levels. It is seen that with
the minor exception in the Tong period end, both the X2 and K-S tests
fail to reject the hypothesis that the distribution is normal. The
function p(e,T) in (I.5.4) thus represents an acceptable approximation
to p*(e,T).

Table I.5.1 presents, for 12 periods, between T = 0.04 sec and
T =14 sec, the amplitudes of the smoothed regression coefficients
B](T), BZ(T), EB(T), 65(T), 86(T) (note that b4(T) has been deleted),
ﬁmin(T), ﬁmax(T), the nine smoothed calculated residue levels corre-
sponding to p*(e,T) = 0.1, 0.2,...,0.8 and 0.9, the smoothed amplitudes
w(T), o(T) in equation (I.5.4), the X and the Kolmogorov-Smirnov sta-
tistics. The 12 periods used appear to be sufficient for most practical
computations since the smoothness of the coefficients is such that

almost any interpolation scheme will yield adequate estimates of the

FS(T) amplitudes at any period in the range between 0.04 sec and 15 sec.
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I.6 EXAMPLES OF ESTIMATED FOURIER SPECTRA

Figures I.6.1 and I.6.2 present examples of FS(T) computed for
M=4.5, 5.5, 6.5, 7.5 at R=0, H=5 km, or then A * 5 km, for
p(e,T) = 0.5, and the spectral amplitudes which have signal-to-noise
ratio greater than one (Trifunac, 1976a). Figure I.6.1 is for hori-
zontal motion while Figure 1.6.2 is for vertical motion. The solid
Tines in both figures correspond to an alluvial depth of h = 0 km
while the dashed Tines correspond to h = 4 km.

The trends of computed FS(T) spectral amplitudes in the figures
are in many ways similar to those discussed by Trifunac and Lee (1978).
The rate of growth of amplitudes with earthquake magnitude, M clearly
decreases as M approaches M = 7.5. The effect of the depth of sedi-
ments beneath the recording station is important only for intermediate
to Tong periods and is small at short periods.

Comparison of the two figures shows that the vertical spectral
amplitudes are smaller than the horizontal spectral amplitudes, except
at short periods.

Figure I.6.3 illustrates the effects of epicentral distance R on
the changes of spectral amplitudes for p(e,T) = 0.5, magnitude M = 6.5,
focal depth H = 5 km, sedimentary depth h = 2 km and for horizontal
(solid Tines) and vertical (dashed lines) components. Four sets of
curves corresponding to R = 0, 25, 50 and 100 km are shown. As can be
seen from equation (I.5.1), the only term governing these distance
changes is the change in A, the representative distance, in the fre-
quency dependent attenuation term Ztt(A,M,T). As already noted in
Trifunac and Lee (1985), the attenuation of the high frequency waves

is somewhat faster than that of the low-frequency waves.
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Figure 1.6.4 illustrates the effects of focal depth H on the changes
of spectral amplitudes for p(e,T) = 0.5, M= 6.5, R =0 km, h = 2 km
and for horizontal (solid lines) and vertical (dashed 1ine) components.
Four sets of curves corresponding to H = 2, 5, 25 and 50 km are pre-
sented. As in the case for distances R, the attenuation of the high
frequency waves with focal depth is faster than that of the low fre-
quency waves.

Figures I.6.5 and 1.6.6 show an example of how horizontal and
vertical Fourier spectra computed from equations (I1.5.2) and (I.5.4)
compare with the acceleration spectra for the three components of
strong-motion recorded in E1 Centro during the Imperial Valley,
California earthquake of 1940. During this earthquake, the fault
rupture was initiated most probably at a distance of about 10 km,
southeast of E1 Centro. With the introduction of fault size and focal
depth now available in the new scaling model, a reduction in the observed
differences between the computed and estimated Fourier spectra is to
be expected. In these figures, as in the previous analysis, the
1og1OFS(T) spectra were computed for p(e,T) = 0.1, 0.5 and 0.9. The
interval between the spectra for p = 0.1 and 0.9 represents an estimate
of the 80% confidence interval. The statistical parameters used are
M=6.4, R=9.3 km, focal depth H = 5 km and alluvial depth h=15000 ft.
As may be concluded from these figures, the agreement between the recor-
ded and empirically predicted spectra in this case is very satisfactory,
as in the previous analysis. The only difference between the present
and the previous analysis is that the 80% confidence interval is now

narrower than before.
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This type of agreement between empirically predicted and actually
recorded spectra may be expected in many of the average or better than
average cases. An example of a fit which is below average is illu-
strated in Figures 1.6.7 and 1.6.8 for the spectra of strong-motion
accelerograms recorded at the Pacoima Dam site during the San Fernando,
California earthquake of February 9, 1971. During this earthquake the
fault rupture passed underneath the dam site (so R = 0 km) at a "focal
depth" of H = 2 km. The other scaling parameters used are M = 6.4 and
h =0 ft. The average trend of the spectra of the recorded accelero-
grams is 1arger than that of the 50th percentile (p = 0.5) of the
estimated spectra. Nevertheless, the estimated curves do follow the

overall amplitude and shape trends quite well.
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PART II: SCALING OF FOURIER SPECTRA IN TERMS OF M, R, S, s AND V

IT.1 THE SCALING RELATION

Part II of this work continues the description of the preliminary
empirical model for scaling Fourier amplitude spectra of strong ground
motion in terms of earthquake magnitude, source-to-station "represen-
tative" distance and the local site geology. Part I characterizes the
local geology by the approximate overall depth of sedimentary deposits
beneath the recording station, h, in km. It has been pointed out pre-
viously, that while the depth of sediments at each recording station
represents a preferable site characterization, in many instances,
T1ittle may be known about the depth of alluvium and sedimentary layers
at some sites so that the scaling of amplitudes at such sites using
depth, h, is not posSib]e. The site characterization in terms of
s =0, 1 and 2 (Trifunac ana Brady, 1975), which can be determined
from knowledge of surface geology only, thus remains a useful approach
to the scaling of strong-motion amplitudes.

Ideally, a site should be classified either as an alluvium site
(s = 0) or as a basement rock site (s = 2). The intermediate classi-
fication (s = 1) should be used only in complicated cases when it is
not obvious how to select s = 0 or s = 2, typically cofresponding to
consolidated sedimentary rock or to a complex geologic environment
(Trifunac and Brady, 1975), or when information on the site geology
is not available. With this classification, of the 186 records of
the original database, 87 records (63%) have been recorded on allu-
vium sites, 43 records (23%) come from "intermediate" sites and only

15 records (8%) were recorded on basement rock sites. With the new
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database of 438 records now available 313 records (71%) have been
recorded on alluvium sites (s = 0), 76 records (17%) on "intermediate"
sites (s = 1) and 47 records (11%) on basement rock sites (s = 2).
The majority of records in the new database thus continue to come from
alluvium sites.

Following Part I of this report, and adopting the form of the
scaling relation in equation (I.5.1), the required scaling relation

now takes the form

1ongS(T) =M+ ALtt(A,M,T) +
: 2
b](T)M + bZ(T)s + b3(T)v + b5(T) + b6(T)M ,  (I1.1.1)

with all parameters defined as before. bZ(T) is now the coefficient
associated with the site condition s. Note that the term b4(T)A/100
is again deleted.

The scaling functions b](t) through b6(T)'are determined through
the regression analysis of the new database of 1314 components of
spectral amplitudes, FS(T) at 91 discrete periods T ranging from
0.04 sec to 15.0 sec. As in Part I of this report, the data are first
screened for possible bias in the model. Al1 procedures in data pre-
paration and selection, and the form of the regression analysis
employed here are 1dentica1 to those in Part I of this report, and
their description need not be repeated here.

The resulting fitted coefficients, at each period T, from Tinear
regression are again denoted by 6](T) through 66(T), (as in equation
(1.5.2)), respectively. Much of the format of the description in this
and the sections to follow will almost be identical to that in Part I

of this work.
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Substituting the fitted coefficients in equation (II.1.1) gives

A~

FS(T), where

1og]OFS(T) =M+ Ztt(A,M,T) +

by (TIM + b,(T)s + 83(T)v +be(T) + b(TM? (11.1.2)

As before, equation (II.1.2) applies only in the range Mmin <M<

Mmax’ where

N

Muin = = by(T)/(2bg(T)) and

Miay = = (1+ by (T))/(2b(T)), (11.1.3)

and equation (II1.1.2) is then modified to:

Tog,oFS(T) = tt(a,M,T) +

( A .

M+ b](T)Mm].n + b2(T)s + b3(T)v + b5(T) + b in® < Moin

(T)M s, M. <M<M

I M+ b](T)M + b2(T)s +b min max

<M

ma x 2( 5

kaax+ b](T)M + b T)s+b3(T)v+b (

The residues e(T) = 1og]O[FS(T)] -1og1O[FS(T)] describing the dis-
tribution of the observed FS(T) about the estimated FS(T) are next cal-
culated. As in the previous part, €(T) is described by a normal distri-

bution function with mean u(T) and standard deviation o(T).
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IT.2 THE REGRESSION COEFFICIENTS

Figure II.2.1 shows the smoothed coefficients B](T), BZ(T)’ 63(T),
65(T) and BG(T) (solid lines) together with the estimates of their 80%,
90% and 95% confidence intervals (dashed Tines). Comparison of this
figure with the corresponding Figure I1.5.1 in the previous Part I of

this work shows that the functions b](T), b3(T), b5(T) and B T) as

6
given respectively by the first, third, fourth and fifth graphs from
the top are almost identical. The functions correspond to the same
parameters, M, v, 1 and M2, respectively, in the scaling relations and
their similarity demonstrates the consistency of the two models of
scaling. The functions BZ(T) as given by the second graph from the
top in both figures are of opposite sign, which again is consistent
with the models since s = 2 corresponds to h = 0 km (basement rock),
while s = 0 corresponds to h >> 0 km (alluvium). The bottom graph of

Figure I1.2.1 shows Mmin and Mma as given by equation (II.1.3).

X
Figure II.2.2 shows the plot of the residual levels corresponding
to p* (e,T) = 0.1, 0.2,...,0.8 and 0.9 for 1og]0FS(T). Refer to the
same Figure I1.5.2 in Part I of this work for a complete description of
each of the nine sets of curves. It is of interest to compare these
two figures, since those illustrate the spread of the observed data
about their corresponding madels, which differ only in the character-
ization of local site geology. The resemblance of the two figures
demonstrates clearly that the uncertainties associated with the char-
acterization of Tocal geology in terms of site parameters s = 0, 1 and

2 are not much greater than those associated with site characterization

in terms of alluvial depth, h.
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Figure II.2.3 shows the plot of the statistical parameters in

the description of the residues, namely, u(T), o(T), X2(T) and KS(T)
from top to bottom. Note that except for T beyond 10 sec, both the
X2 and KS tests again fail to reject the hypothesis that the distri-

bution is normal.

Table II.2.1 gives, for 12 periods between T = 0.04 sec and

and T = 14 sec, the five regression coefficients, b](T), bZ(T)’ b3(T),

A~

b5(T) and b6(T), Mmin(T)’ Mmax(T), the nine residue levels correspon-

ding to p*(e,T) = 0.1 through 0.9, the coefficients u(T), o(T) of the
2

normal distribution and finally the X“(T) and KS(T) statistics.
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IT.3 EXAMPLES OF ESTIMATED FOURIER SPECTRA

Figures II.3.1 and II.3.2 present examples of FS(T) computed for
M=14.5,5.5,6.5and 7.5 at R =0, H =5 km for p(e,T) = 0.5.

Figure II.3.1 is for horizontal motion (v = 0) while Figure I11.3.2 is
for vertical motion (v =1). The solid Tines in the figures correspond
tos = 2, while the dashed Tlines correspond to s = 0. The diagonal
dashed Tines again represent the empirical average Fourier amplitudes
of digitization noise.

Comparison of these figures with the corresponding Figures I.6.1
and I.6.2 of Part I shows an interesting trend. It has been noted
previously, that for the same magnitude, M, the spectral amplitudes
are slightly higher for basement rock (s = 2) then for alluvial site
(s = 0) for periods up to 0.2 seconds, beyond which the trend is
reversed. This trend is observed here, but not for the model using
depth of sediments as shown in Figures I1.6.1 and 1.6.2. There it is
only observed that the effect of the depth of sediments is negligible
at short periods, and for the same magnitude, M, and spectral amplitudes
are higher.for alluvial site (h >> 0) than for basement roch (h = 0)
only for intermediate to long periods.

Figure IT.3.3 illustrates the effects of epicentral distance R,
and Figure 11.3.4 shows the effects of focal depth H, on the changes
of spectral amplitudes. Comparison of these figures with the corre-
sponding Figures I1.6.3 and I.6.4 in Part I of this work shows consid-
erable degree of similarity.

Figures II1.3.5 and I11.3.6 compare the amplitudes computed from

the accelerations recorded in 1940 in E1 Centro, with those calculated
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from M = 6.4, R=9.3 km, H =5 kmand s = 0. The agreement is fair
to good. Figures II.3.7 and II.3.8 compare the spectral amplitudes
computed from the 1971 Pacoima Dam accelerations with the spectral
estimates calculated for M= 6.4, R=0km, H =2 kmand s = 2. The
fit is again of similar quality, as that in the case of the model in
Part I (Figures I.6.7 and 1.6.8).

This completes the presentation of Part II of the scaling of FS(T)

in terms of M, R, H, s and v.
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PART III: SCALING OF FOURIER SPECTRA IN TERMS OF MMI, h AND v

ITI.T THE SCALING RELATION

Parts I and II of this work presented a description of the prelim-
inary empirical model for scaling Fourier amplitude spectra of strong
earthquake ground motion in terms of earthquake magnitude, souce-to-
station distance and a characterization of local geology at the
recording station. Parts III and IV of this work will extend this
method to the scaling of Fourier amplitude spectra in terms of the
Modified Mercalli Intensity (MMI) and a characterization of Tocal
geo]bgy at the recording site.

Such an analysis was initiated by Trifunac (1979) who pointed out
that a description of the expected levels of ground shaking at a site
in terms ofvearthquake intensity will likely remain a common engineer-
ing tool for many years to come. Although new instrumentation is now
being deployed in many parts of the world, the long-term historical
seismicity records are still available only in terms of the locally
developed intensity scales. For this reason, it is worthwhile now to
re-evaluate the nature of correlations that exist between earthquake
intensity and the Fourier amplitudes of recorded ground motions, in
spite of all the shortcomings associated with this qualitative and
descriptive scaling of strong earthquake ground motion. Further it is
worthwhile to re-examine the meaning of suchvscaling as it still repre-
sents an important basis for extrapolating the possible future earth-
quake risk in many seismic zones of the world,

Trifunac (1979) developed a direct correlation between the Fourier

spectrum amplitudes and the reported MMI at the recording stations
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using the database of the same 57 earthquakes and the corresponding

186 records that were used earlier (Trifunac (1976b)) for scaling of

spectra in terms of earthquake magnitudes. The distribution of these

data with respect to the Tevels of Modified Mercalli Intensity reported

at the recording sites is as follows: MMI = III, 1 record; MMI = IV,

3 records; MMI =V, 34 records: MMI = VI, 66 records; MMI = VII,

75 records; MMI = VIII, 6 records, and MMI = X, 1 record. The local

geology was then characterized by the geologic site conditions, s,

(see Part II of this report for discussion and references on parameters) .
Trifunac and Lee (1978) extended this type of analysis by including

the depth of sedimentary deposits beneath the recording station, h, as

a site characteristic, in place of the site parameter s. The scaling

equation then became (equation (5) of Trifunac and Lee (1978)):

109, o[FS(T)] = b(T)Iyyy + c(T) + d(T)h + e(T)v , (111.1.1)

with IMM denoting the reported levels on the MMI scale, and with all
other parameters defined as above. The form of equation (III.1.1) was
chosen on the basis of several previous analyses (Trifunac (1976a,b);
Trifunac and Anderson (1977)), suggesfing that only the linear terms
in the equations are statistica1]y signjficant and that all higher order
terms as well as the mixed terms may be omitted from the analysis.

The same analysis has been carried out now on the new database of
438 free-field records from 104 earthquakes. The new set of earthquakes
that have been added to the catalogue through the years 1972 to 1981
have magnitudes typically below 6. For this reason the MMI levels for

many of these earthquakes are not well documented or have not been

reported. One possible approach then to estimating spectral amplitudes
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of strong shaking in terms of MMI at the recording site would be first
to develop correlations between the MMI levels with the corresponding
earthquake magnitude, representative source to station distance and
Tocal site geology. Lee and Trifunac (1985) used the original data-
base of 57 earthquakes and 186 stations where the reported MMI levels
are available and performed the above correlation with the following
equation:

IMM = 1.5M- A - BanA - CA/100 - Ds (IT1.1.2)

where the parameters M, A and s are defined as before. The estimated
MMI levels at the 186 stations were next compared with the correspon-
ding reported MMI Tevels. The resulting coefficient of correlation
was found to be around 0.8. The point by point comparisons also showed
very good agreement between equation II1.1.2 and observed intensities.
Equation (III.1.2) was then used to calculate the estimated MMI levels
at those free-field sites in the new database for which no reported
site intensities were available.

For scaling the Fourier amplitude spectra the following equation

was employed:

~

1091 oLFS(T)T = by (T) Iy + by(TIh + by(T)v + b, (T) ,  (I11.1.3)

which is the same as equation (III.1.1). Here IMM is the estimated

MMI level at the site computed from equation (II1.1.2) or the reported

"~ MMI level if available.

The distribution of the new database with respect‘to the levels of
Modified Mercalli Intensity estimated or reported at the recording
sites now becomes: MMI = II, 1 record, MMI = III, 8 records, MMI = IV,

15 records; MMI = V, 99 records; MMI = VI, 161 records; MMI = VII,
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117 records; MMI = VIII, 30 records, MMI = IX, 2 records; and MMI = X,
1 record.

The regression analysis was next performed on the new database
with 1314 components of Fourier amplitudes FS(T), at 91 discrete
periods T ranging from 0.04 to 15.0 sec. This procedure is identical
to the procedure used with the old database (Trifunac, 1979; Trifunac
and Lee, 1978). For completeness of this writing the details are
repeated here briefly. As in the previous parts of the report, the
data are first screened to minimize possible bias in the model. The
data are partitioned into groups correspohding to MMI Tevels III, IV,
V, VI, VII, VIII, IX and X. The data in each of these MMI Tevels are
further subdivided according to the site classification parameter
s =0, 1o0r 2. Depending on whether the recording component is hori-
zontal or vertical, each of’these subgroups is divided into 2 sets
corresponding to horizontal (v = 0) and vertical (v = 1) components.
The resulting data in each of the groups correspond to the Fourier
spectral amplitudes from a specified MMI level for a specified site
classification and with specified component orientation. The data
points, 1og]OFS(T), within these groups are then arranged in increasing
order according to their amplitudes. If the number of data points in
é group is less than 19, all the data points are selected. If there
are more than 19 points, at most 19 points are selected from among the
ordered set of data so that they correspond uniformly, as close as
possible, to the 5%, 10%,...,90% and 95% percentiles.

The resulting fitted coefficients at each period T resulting from
Tinear regression have been denoted by B](T), BZ(T), 83(T) and 34(T),

(equation (III.1.3) respectively.
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ITI.2 THE REGRESSION COEFFICIENTS

Figure IT1.2.1 shows the smoothed coefficients 61(T), gz(T), 83(T)
and 64(T) (solid Tines) and the estimates of their 80%, 90% and 95%
confidence intervals, represented by the corresponding dashed lines.

Substituting these coefficients into equation (III.1.3) gives:

AN

1097 gFS(T) = by (T Ty + by(T)h + by(T)v + by (T). (111.2.1)

FS(T) then represents the least squarés estimate of the Fourier ampli-
tude spectrum at period T for this mode].‘

With FS(T) the corresponding Fourier amplitude spectrum computed
from recorded accelerograms, the residuals, (T), were calculated as

in Parts I and II of this report, where
e(T) = 1og]OFS(T) - 1og1OFS(T) . (111.2.2)

As for Parts I and II, the assumption that (T) can be described by a
normal distribution function with mean u(T) and standard deviation

o(T) is employed here. The probability p(e,T) at period T that
1og]0FS(T) - 1og1OFS(T) < (T) (111.2.3)

is then given by (equation (I.5.4) of Part I):

e(T) : 2
p(e,T) = ;E;%;%% [m exp[} %-(53%%§l> ]dx (I111.2.4)

For a given residue, e(T), at a particular period T, the actual
probability p*(e,T) that e(T) will not be exceeded can be evaluated by
finding the fraction of residuals €(T) (computed from the database at
that particular period) which are smaller than a given value. Using

(111.2.4), the estimated probability p(e,T) that e(T) will not be
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exceeded can be compared with the above fractions. The Kolmogorov-
Smirnov, KS(T), and the X2 statistic, X2(T), can be computed to test
the quality of fit of the normal distribution function in (I11.2.4).
A complete description of the steps involved in this and the formulae
employed are given in Part I of this report and will not be repeated
here.

Figure II1.2.2 shows the plot of the amplitudes of the residuals
corresponding to p*(e,T) = 0.1, 0.2,...,0.8 and 0.9 for 1og]OFS(T).
The nine sets of curves, plotted versus period T, from the bottom to
the top of the plot correspond to the residual levels at each of the
probability levels, 0.1 through 0.9. At each of the nine probability
Tevels, the rough solid curve represents the actual calculated resi-
duals at that pérticu]ar level. The smoothed solid curve is obtained
by smoothing the rough solid curve along the T-axis. The corresponding
dashed curve is the estimated residual e(T) at_the_partiéu]ar proba-
bility Tevel using equation (III.2.4).

It is of interest to compare this figure with the corresponding
figure (Fig. I.5.3) in Part I of this report dealing with the scaling
of FS(T) in terms of earthquake magnitude M and representative source
to station distance A. There both the calculated and estimated
residue 1éve1s of p* = 0.1 to p* = 0.9 range from € = - 0.6 to € =
+ 0.6 at the short period end to about € = - 0.5 to € = + 0.5 in the
Tong period end (Part I, Fig. I.5.2). Correspondingly, here, they
range from € = - 0.7 to € = + 0.7 at the short period end, and from
e=-0.5to e =+ 0.5 in the lTong period end. Since the smooth
surface p*(e,T) from the nine smooth curves represents the spread of

the observed data about the models given here (equation (III.1.3))
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and in Part I (equation I.5.1), this comparison shows that the uncer-
tainties associated with the prediction of FS(T) in terms of MMI are
very similar and certainly not much worse than those associated with
the scaling of FS(T) in terms of M and A.

Figure II1.2.3 shows a plot of the statistical parameters employed
in the description of the residuals. The smooth amplitudes of a(T)
and S(T) of equation (III.2.4) and their 95% confidence intervals are
shown in the top 2 plots of the figure, respectively. The two full
curves in the bottom of the figure show the smoothed amplitudes of the

2, X2(T) and Komolgorov-Smirnov, KS(T), statistics, respec-

combuted X
tively. The dashed lines are their corresponding 95% cutoff levels.
It is seen that in the whole period range considered (0.04 sec to
15 sec), both the X2 and K-S tests fail to reject the hypothesis that
the distribution is normal.

Table III.2.1 gives, for 12 periods between T = 0.04 sec and
T = 14 sec, the amplitudes of the smoothed regression coefficients:
g](T), BZ(T), GB(T), 84(T), the nine smoothed calculated residue
levels corresponding to p*(e,T) = 0.1 through 0.9, the smoothed

coefficients u(T), of(T) of the normal distribution function in

(I11.2.4), and finally, the X2 and the Komolgorov-Smirnov statistics.
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IIT.3 THE ESTIMATED FOURIER SPECTRA

Figures III.3.1 and III.3.2 present examples of the Fourier
amplitude spectra, FS(T), computed from equation (III.1.3) for
p(e,T) = 0.5, for MMI levels IV, VI, VIII, X and XII. Figure III.3.1
is for horizontal motion (v = 0) while Figure III.3.2 is for vertical
motion (v = 1). The solid lines in both figures correspond to the
depth of sediments h = 0, while the dashed lines correspond to h = 4 km.
The diagonal dashed lines at the bottom of éach graph represent the
average Fourier amplitudes of the digitization noise. The plot of each
spectrum is presented only for those periods where the low signal-to-
noise ratio in the data does not distort the estimates of small spec-
tral amplitudes.

The overall trends of the computed FS(T) spectral amplitudes in
these figures are in many ways similar to those of the same model in
our previous analysis (Trifunac and Lee, 1978). The results can be
considered representative of the observed’shaking for MMI Tevels up to
about VIII. The curves plotted for MMI = X and XII are presented here
only for completeness, and represent an extrapolation based on the
currently available data.

It has been noted in the previous analysis of the same model
(Trifunac, 1979; Trifunac and Lee, 1978), that for the same MMI, spec-
tral amplitudes tend to be slightly higher for h = 0 km than for say
h =4 km in the short period range (up to 0.2 sec), with this trend
being reversed for long periods. Note that the same trend is observed
here in Figures III.3.1 and III.3.2, but to a smaller extent. Here the

amplitudes are slightly higher for h = 0 km than for h = 4 km, only in
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ACOHY1 PACOIMA DAM, 13971 COMP HORZ
MMI = 10. DEPTH = 0.FT V = 0.
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AADD1 EL CENTRO, 1340 COMP HORZ
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the short period range of up to about 0.1 sec, beyond which the trend

is reversed. It is also of interest to compare these figures with the
corresponding figures (Figures I.6.1 and 1.6.2) in Part I of this

report dealing with the scaling of FS(T) in terms of M and A. It has
been found there that the effect of the depth of sediments, h, beneath
the recording station is important only from intermediate to long
periods and is negligibleat short periods. There, for the short periods,
no trend reversal has been observed.

A comparison of the corresponding horizontal and vertical ampli-
tudes in Figures III.3.1 and III.3.2 also shows that the vertical
amplitudes are smaller than the horizontal amplitudes, except at
short periods, a trend which is consistent with all previous analyses.

| Figures IIT.3.3and III.3.4 compare the amplitudes of Fourier
spectra computed from accelerations recorded at Pacoima Dam during the
San Fernando earthquake of 1971, with spectral amplitudes computed
from equation (II1.1.3) for p = 0.1, 0.5 and 0.9 with MMI = 10, h=0 ft.
and for the vertical and two horizontal components. The agreement
between the observed and estimated amplitudes is good for all three
components. Figures III.3.5 and III.3.6 compare the FS amplitudes
computed from accelerations recorded during the Imperial Valley,
California earthquake of 1940, in E1 Centro, with the estimated ampli-
tudes using MMI = 8 and h = 15000 ft for both the vertical and hori-
zontal components. The agreement is good for the two horizontal
components and fair for the vertical component.

This completes the description of the preliminary model for scaling

FS(T) in terms of MMI, h and v.
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PART IV: SCALING OF FOURIER SPECTRA IN TERMS OF MMI, s and v

IV.1T THE SCALING RELATION

Part IV of this report continues the description of the prelim-
inary empirical model for scaling Fourier amplitude spectra of strong
ground motion in terms of Modified Mercalli Intensity (MMI) at the
site and local geology. As in Part II of this report, this part of
the analysis replaces the depth of sedimentary deposits h, employed as
site characterization in the previous Part III, by the corresponding
site parameter s = 0, 1 and 2. After modifying the scaling relation
of Part III, equation (III.1.3), the scaling relation now takes the

form

AN

1091 oFS(T) = by (T)Iyy + by(T)s + by(T)v + b, (T) , (Iv.1.1)

with.all parameters defined as before. bz(T) is now the coefficient
associated with the site’paramefer S.

The scaling functions b](T) through b4(T) are determined again
through a regression analysis of the new database of 1314 components
of spectral amplitudes, FS(T), at 91 discrete periods T ranging from
0.04 sec to 15.0 sec. As in the previous Part III of this report, the
data are first screened for possible bias in the model. A1l procedures
in data preparation and selection, and the steps of regression analysis
employed here are identical td those in Part III of this report, and so
their description will not be repeated here.

The coefficients at each period T resulting from linear regression
have been denoted by 8](T), BZ(T), 63(T) and 64(T) (equation (IV.1.1)),
respectively. Much of the format of the description in the sections to
follow will almost be ideﬁtica] to that in Part III of this work. The

reader may refer to the corresponding sections of Part III for a more

detailed description.
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IV.2 THE REGRESSION COEFFICIENTS

Figure IV.2.1 shows the smoothed coefficients E](T) through 34(T)
(solid lines) together with the estimates of their 80%, 90% and 95%
confidence intervals (dashed 1lines). Comparison of this figure with
the corresponding Figure III.2.1 in the previous Part III of this
report shows that the functions g](T), 63(T) and 64(T) as given respec-
tively by the top and bottom two graphs are almost identical. These
functions correspond to the same respective parameters, IMM’ v and 1
in the scaling relations and their similarity again demonstrates the
stability of the two regression models used for scaling. The functions
EZ(T) as given by the second graph from the top in both figures are
opposite in sign. This again is consistent for the two models since
s = 2 corresponds to h = 0 km (basement rock), while s = 0 corresponds
to h >> 0 km (alluvium).

Figure IV.2.2 shows the plot of the residual levels corresponding
to p*(e,T) = 0.1, 0.2,...,0.8, 0.9 for 1og]OFS(T). Refer to the same
Figure III.2.2 in Part III of this reportvfor a complete description of
each set of these curves.

It is again of interest to compare the two figures IV.2.2 and
ITI.2.2. Since the two smooth surfaces p*(e,T) represent the spread
of the observed data about their corresponding models, which differ
only in the characterization of local site geology, the resemblance of
the two figures again shows that the uncertainties associated with the
characterization of local geology in terms of site conditions s = 0, 1

and 2 are not much greater than those associated with the site charac-

terization in terms of depth of sedimentary deposits.
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Figure IV.2.3 shows the plot of the statistical parameters employed
in the description of the residuals, namely, ;(T), S(T), X2(T) and KS(T),
from top to bottom. Comparison with the Figure III.2.3 in Part III
again shows the degree of the resemblance of this model and that dis-
cussed in Part III.

Table IV.2.1 gives, for 12 periods between T = 0.04 sec and
T = 14 sec, the four coefficients, g](T) through 84(T), the nine residue
levels corresponding to p*(e,T) = 0.1 through 0.9, the coefficients

u(T) and o(T) of the normal distribution and finally the X2(T) and KS(T)

statistics.
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IV.3 THE ESTIMATED FOURIER SPECTRA

Figures IV.3.1 and IV.3.2 present examples of the Fourier ampli-
tude spectra, FS(T), computed from equation (IV.1.1) for p(e,T) = 0.5,
for MMI levels IV, VI, VIII, X and XII. Figure IV.3.1 is for hori-
zontal motion (v = 0) while Figure IV.3.2 is for vertical motion
(v =1). The solid lines in both figures correspond to the site condi-
tion s = 2 while the dashed lines correspond to s = 0. The diagonal
dashed Tines again represent the empirical average Fourier amplitudes
of digitization noise.

Comparison of these figures with the corresponding Figures III.3.1
and II1.3.2 of Part III of this report again shows great similarity, and
hence the similar conclusions can be drawn from these figures.

Figures IV.3.3 and IV.3.4 compare the amplitudes computed from
the 1971 Pacoima Dam acceleration with those calculated for p = 0.1,

0.5 and 0.9, MMI = X and s = 2. Similarly, Figures IV.3.5 and IV.3.6 com-
pare those computed from the 1940 E1 Centro acceleration with those calcu-
lated for MMI = VIII and s = 0. The agreement ranges from fair to good.

This completes the description of the Part IV of the scaling of FS(T)

in terms of MMI, s and v.
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ACO11 PACOIMA DAM 1974 COMP S1BE S74W
MMI = {0. SITE = 2. vV = 0.

10

T TTTT]

T

10

T TTT]

T

T

10

T T7T]

T

T

TTTTT]

T

TTTT]

T

7 1ot agld 1 [ N R R ! T R B N A A |

Figure IV.3.3



79

ACO41 PACOIMA DAM. 1971 COMP DOWN
MMI = 10. SITE = 2. Vo= 1.
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AADD1 EL CENTRO, 1940 COMP NS, EW
MMI = 8. SITE = 0. vV = 0.
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AADD 1 EL CENTRO, 13840 COMP VERT
MMI = 8. SITE = 0. Vo= 1.
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CONCLUSIONS

The results of this study can be summarized as follows:

1. On the logarithmic scale the Fourier spectrum amplitudes grow
Tinearly for small magnitudes (M < 3). This growth rate reduces for
intermediate magnitudes and stops for M » 8, in agreement with our

earlier studies (Trifunac, 1976b).

2. For intermediate and Tong periods Fourier spectrum amplitudes
recorded on alluvium are larger than those recordedkon basement rock.
At high frequencies, in contrast to our previous work (Trifunac, 1976b),
bz(T) in Model I remains positive though not significantly different from
zero. While this may be a consequence of the overall model differences
and the fluctuations of the "constant" term b5(T), this suggests that
our earlier discussions based on d(T) in Trifunac (1976b) being negative
may have to be modified. In most of the earlier analyses we found b2(T),
or its equivalent, to be negative for frequencies higher than about
5 Hz, but with small amplitudes which are not significantly different
from zero. The overall shape of b2(T) function or its equivalent, how-

ever, has been very stable in present as well as in all earlier analyses.

3. The scaling function b3(T) in all four models which reflects
the differences between horizontal and vertical spectral amplitudes is
in excellent agreement with e(T) in Trifunac (1976b). Again for high
frequencies the vertical spectral amplitudes tend to be equal to slightly

larger than the horizontal amplitudes.

4. The distribution of Fourier spectrum amplitudes about the esti-
mated model can be described adequately by the Tog-normal distribution

function. Except for periods longer than about 10 sec, the quality of
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this fit is excellent. For periods longer than 0.2 sec the standard

deviation of this distribution function is about 0.35.
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