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INTRODUCTION

The idea that the Tocal soil and geological site conditions may
influence the amplitudes of recorded seismic waves has been around for
many years and has been investigated by many researchers. This has been
studied theoretically (e.g. Haskell, 1960; Tsai, 1969; Trifunac, 1971)
and experimentally (e.g. Kanai, 1949,1957; Gutenberg, 1957; Duke, 1958;
Medvedev, 1955) by considering various overall measures of strong shaking
or its effects on different types of structures. Beginning in the 1960's
and 1970's these studies took on more detailed and more complete nature
because of the increased availability of recorded strong motion accelero-
grams. Through comparison of the shapes of the Fourier and response
spectrum amplitudes, it became possible to describe the effects the local
soil conditions have on the Tocal site response (Seed et al., 1974) and to
extend the results of Gutenberg (1957) about the effects of the local
geologic conditions to the high frequency spectral amplitudes (Trifunac,
1976). Through the 1970's and early 1980's these studies were further
refined by detailed regression analyses which were made possible by still
larger numbers of well documented records of strong ground motion
(Trifunac, 1976,1979; Trifunac and Lee, 1987a,b,c).

However, to this date these studies considered either the local
soil or the local geologic site conditions and never combined the simul-
taneous effects of both media in the development of one and more general
scaling relation. Since the typical dimensions of the local soil versus
the local geologic site conditions are so different one might expect that

their effects would be reflected in the recorded spectral amplitudes



in high and in low frequencies respectively. If both of these effects
can be shown to contribute significantly to the variation of spectral
amplitudes between 0.05 and 25 Hz, the frequency range of interest to
earthquake engineering, then both soil and geologic site condition
should be considered simultaneously. The purpose of this report is to
investigate this and to find how these effects should be used in the

empirical scaling of Fourier amplitude spectra.



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

L

I.1 The Current Model

Trifunac and Lee (1987b) have recently completed a study which dealt
with scaling of Fourier amplitude spectra, FS(T), in terms of magnitude,
M, source-to-station distance R, focal depth, H, "size" of fault, S,
component orientation, v and local geology, characterized by the repre-
sentative depth of sediments, h (or by the local geological site para-

meter, s). Their scaling relation takes the form

10g, oFS(T) = M + tt(A,M,T)

(T)M?

+ b1(T)M + bz(T)h + b (T)v + bs(T) + b

3 6

(1.1.1
They deleted the term b4(T)A because it was found to be insignificant.
Here «Ztt(A,M,T) is the new frequency dependent attenuation function.

It is of the form (Trifunac and Lee, 1987a):

A (T)Tog; g R <R
Att(AM,T) = (1.1.2)
Lm%(T)log10Ao - (R—RO)/ZOO R > RO
with A,the representative source-to-station distance, given by
2,.u2,c2|-%
= s an[RAE (1.1.3)
.B +H +SOJ
and - .
RZ+2+s2 |72
=S |5 (1.1.4)
_RO+H +So_




S0 is the coherence radius of the source (Gusev, 1983). The term
odb(T)log]OA is used to calculate the attenuation function at distances
R Tess than some transition distance RO, where A = Ay For distances

R > Ro’ the attenuation becomes a linear function of distance R with
slope equal to -1/200. R0 is given by (Model III of Trifunac and Lee,

1987a):

-4y ),

2,.2 2,2
A =12- —ZOOJJO(T)U-SO/S ) +JZOO@IO(T)(]—SO/S )
0

2n10 2n10

(I.1.5)

and is a function of H, S, S0 and ”db(T)‘ More detailed discussion of
this attenuation function can be found in Trifunac and Lee (1987a).

Regression analysis using the above model, equation I/1/1, has been
performed on the Fourier amplitude data FS(T) at 91 discrete periods T
ranging from 0.04 to 15.0 sec. The data has been selected from 1314
components of data from 104 eakthquakes in the western United States.

A screening procedure was used to minimize the biases in the model that
could result from uneven distribution of data among the different magni-
tudes  (Trifunac and Lee, 1987b).

Replacing the Richter's empirical attenuation function (Richter,
1958) with the frequency dependent attenuation function mentioned above,
has not only contributed the additional flexibility to estimating the
Fourier Spectral amplitudes,but also has decreased the residuals of
actual data relative to the model predictions relative to our earlier

regression models (Trifunac, 1976,1979).



[.2 Updating the Database

The database of Trifunac and Lee (1987b) consists of 438 free-field
records with 3 components each, or a total of 1314 components from 104
earthquakes for the years from 1933 to 1983. Table I.2.1 presents the
list of all earthquakes in this database. It contains information on
the name, date and time of each earthquake, the latitude and longitude
of its epicenter, its focal depth, local magnitude and maximum intensity,
if available. Each of the 438 free-field records are accompanied by the
information on the address of the recording station, the latitude and
longitude of the station, the local M.M.I. intensity that has been
reported for the station site or estimated by Lee and Trifunac (1985),
and the local geology classification characterized by the site parameter
s or the depth of alluvium h. This 1ist of earthquakes has been updated
now to a total of 106, with addition of two recent earthquakes, the
Coalinga Earthquake of 1983 and the Morgan Hill Earthquake of 1984, both
in California. With the addition of 56 free-field records from these
two earthquakes, the total number of free-field records is now 494,
corresponding to 988 horizontal components and 494 vertical components,
or a total of 1482 components.

To proceed with the present analysis, information on the soil site
properties has been collected from various available sources, including
different reports of the United States Geological Survey (U.S.G.S.),
California Division of Mines and Geology (C.D.M.G.), Nuclear Regulatory
Commission, University Reports and various consulting reports. At first

this data has been characterized by a soil parameter, S» which was
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TABLE I.2.1 (CONT.)

55 4 8 1968 1830PST 33 11 24 -116 07 42 11.1 6.4 7 BORREGO MIN, CALIF
56 9 12 1970 0630PST 34 16 12 -117 32 24 8.0 5.4 7 LYTLE CREEK, CALIF
57 2 9 1971 0600PST 34 24 42 -118 24 00 13.0 6.4 11 SAN FERNANDO, CALIF
58 10 15 1979 1417PST 32 37 59 -115 19 59 12.0 6.6 IMPERIAL VALLEY, CA
59 8 6 1979 0805PST 37 06 43 -121 31 59 9.6 5.9 COYOTE LAKE, CALIF
60 8 13 1978 2254GMT 34 21 04 -119 42 00 12.5 5.5 SANTA BARBARA, CAL
61 1 24 1980 1100PST 37 49 37 -121 47 13 5.9 5.9  MT. DIABLO, LIVERMO
62 1 26 1980 1833PST 37 45 00 -121 42 47 7.3 5.2  MT. DIABLO, LIVERMO
63 08 02 1975 2022GMT 39 26 58 -121 28 25 4.1 5.2  OROVILLE AFTERSHOCK
64 08 02 1975 2059GMT 39 26 00 -121 28 31 5.1 5.2  OROVILLE AFTERSHOCK
65 08 03 1975 0103GMT 39 29 19 -121 30 59 8.8 4.6 OROVILLE AFTERSHOCK
66 08 03 1975 0247GMT 39 28 52 -121 30 21 7.4 4.1  OROVILLE AFTERSHOGK
67 08 05 1975 0228GMT 39 24 18 -121 29 43 6.2 3.2  OROVILLE AFTERSHOCK
68 08 06 1975 0350GMT 39 29 46 -121 31 49 9.2 4.7  OROVILLE AFTERSHOCK
69 08 06 1975 1641GMT 39 29 31 -121 31 45 9.7 3.9  OROVILLE AFTERSHOCK
70 08 08 1975 0700GMT 39 29 50 -121 30 41 7.7 4.8  OROVILLE AFTERSHOCK
71 08 11 1975 0611GMT 39 27 29 -121 28 59 3.1 4.4  OROVILLE AFTERSHOCK
72 08 11 1975 1559GMT 39 30 20 -121 31 35 9.8 3.8  OROVILLE AFTERSHOCK
73 08 16 1975 0548GMT 39 28 12 -121 31 42 8.5 4.1  OROVILLE AFTERSHOCK
74 08 16 1975 1223GMT 39 29 52 -121 30 16 7.1 3.1  OROVILLE AFTERSHOCK
75 09 27 1975 2234GMT 39 31 12 -121 31 56 10.4 4.6  OROVILLE AFTERSHOCK
76 11 28 1974 2301GMT 36 54 0 -121 30 0 9.0 0. 6 HOLLISTER, CAL

77 1 11 1975 1737PST 40 13 12 -124 15 36 2.0 4.7 6 NORTHERN CAL

78 5 6 1975 1835PST 40 16 48 -124 40 12 0. 4.0  NORTHERN CAL

79 6 7 1975 0846GMT 40 34 12 -124 08 24 21.0 5.7 7 NORTHERN CAL

80 3 8 1971 1508PST 35 40 0 -118 24 12 6.0 4.7 5 CENTRAL CAL

8l 5 2 1971 0608GMT 51 24 0 -177 12 0 43.0 7.1 6 ANDREANOF, ALASKA
82 9 12 1971 1132PST 41 17 54 -123 40 24 20.0 4.6 5 NORTHERN CAL

83 7 30 1972 2145GMT 56 49 12 -135 40 48 25.0 7.1 7 SOUTHEAST ALASKA

84 9 4 1972 1804GMT 36 38 13 -121 17 13 2.0 4.8 6 CENTRAL CAL

85 5 26 1980 1857GMT 37 32 37 -118 51 41 2.8 4.9  MAMMOTH AFTERSHOCK
86 5 27 1980 1450GMT 37 27 49 -118 49 24 2.4 6.3  MAMMOTH AFTERSHOCK
87 5 27 1980 1901GMT 37 36 15 -118 46 11 3.8 5.0  MAMMOTH AFTERSHOCK
88 5 28 1980 0516GMT 37 34 49 -118 53 09 3.3 4.8  MAMMOTH AFTERSHOCK
89 5 31 1980 1516GMT 37 32 22 -118 54 22 8.2 5.1  MAMMOTH AFTERSHOCK
90 6 11 1980 0441GMT 37 30 24 -119 02 34 14.1 5.0  MAMMOTH AFTERSHOCK
91 6 28 1980 0058GMT 37 33 23 -118 51 45 5.1 4.1  MAMMOTH AFTERSHOCK
92 10 16 1979 1616PDT 33 4 29 -115 33 16 5.0 4.9 IMPERIAL VALLEY AFT
93 10 16 1979 1445PDT 33 2 44 -115 29 24 3.9 4.6 IMPERIAL VALLEY AFT
94 10 16 1979 1114PDT 32 58 19 -115 36 22 4.7 4.2 IMPERIAL VALLEY AFT
95 10 15 1979 2319GMT 32 46 0 -115 26 29 9.5 5.0 IMPERIAL VALLEY AFT
96 4 26 1981 1209GMT 33 7 48 -115 39 0 8.0 5.6  WESTMORELAND, CAL
97 1 24 1980 1900GMT 37 50 24 -121 48 0 5.9 5.9  LIVERMORE, CAL

98 1 26 1980 0233GMT 37 45 36 -121 42 0 7.3 5.2  LIVERMORE, CAL

99 5 25 1980 0934PDT 37 36 32 -118 50 49 9.0 6.1  MAMMOTH AFTERSHOCK
100 5 25 1980 0949PDT 37 37 41 -118 55 37 14. 6.0  MAMMOTH AFTERSHOCK
101 5 25 1980 1245PDT 37 33 40 -118 49 52 16. 6.1  MAMMOTH AFTERSHOCK
102 5 25 1980 1336PDT 37 37 30 -118 51 32 2. 5.7  MAMMOTH AFTERSHOCK
103 5 26 1980 1158PDT 37 32 35 -118 53 17 5. 5.7  MAMMOTH AFTERSHOCK
104 5 27 1980 0751PDT 37 30 22 -118 49 34 14. 6.2  MAMMOTH AFTERSHOCK
105 5 2 1983 1642PDT 36 15 00 -120 16 48 9. 6.5 COALINGA EARTHQUAKE
106 4 24 1984 1315PST 37 19 01 -121 40 48 9. 6.2  MORGAN HILL EARTHQUAKFE



assigned values 1 for deep soil sites, 2 for stiff soil sites and 3 for
rock sites (Seed, et al., 1976). Subsequently, this characterization
was changed to 0 for rock sites, 1 for stiff soil sites and 2 for deep

soil sites for convenience in regression analysis.



[.3 The New Regression Analysis

To include the soil classification in the regression analysis, the

regression equation of the Fourier amplitudes will now take the form:

]og]OFS(T) =M+ LZtt(A,M,T)

2

£ by (TIM + by(T)h + ba(T)v + by(T)hv + b (T) + b (T)M

4l 3 6

¥ b§1)(T)SE]) + 82 (1)s (1.3.1)

7

Equation (I.3.1) is of the same form as equation (I.1.1), but with the
addition of the new terns b,(T)hv, b\')(1)s{1) and p{2 (s, The
terms b4(T)hv and b2(T)h will result in the factor multiplying the depth
of alluvium, h, to be component dependent, so that for horizontal compo-

nents with v = 0, and vertical components with v = 1, it takes the form:

bZ(T)h 5

<
1
(@]

b2(T)h +b,(T)hv = (b (T)+b4(T)v)h =

4 2

il
—

(by(T)+b, (T))h 5 v

(1) and b(z)(T)S

L 7

|

The addition of the other two terms, bgl)(T)S

characterize the soil at the site, where

1 ifs =1 ,

L
(1) _
SL =
0 otherwise,
and 1 ifs =2,
(2) _
St

0 otherwise . (1.3.3)
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The use of the two variables SE]) and SEZ) instead of one for sL

here is due to the fact that S. is a qualitative or categorical variable
which takes on the discrete values of 0, 1 and 2 for three distinct
types of soil classification. It is thus different from all the other
variables used, 1ike magnitude or depth, h, which are quantitative vari-
ables, that is, variables with a well defined scale of measurement. In
contrast, the qualitative variab1e for soil is not one with a natural
scale of measurement. To account for the effect that the different
classification of soil may have on the Fourier amplitudes, it is thus
necessary to use indicator variables to account for the different levels

of the classification (Montgomery and Peck, 1982). The variables Sé])

and Séz) defined above thus serve as indicator variables for the soil
parameter S|
To interpret the use of indicator variables, here in equation (I.3.1),

consider the case S| = 0 (rock site), for which both SE]) = SEZ) = 0.

The regression model becomes

1og]0FS(T) =M+ Att(A,M,T)

2

+ b](T)m + b2(T)h + b3(T)v + b4(T)hv + b5(T) + b6(T)M "

(1.3.4)

which is except for b4(T)hv identical to that in equation (I.1.1). For

the case S| = 1 (stiff soil site), for which SE]) =1 and SEZ) =0,

1og]0FS(T) =M+ Ltt(A,M,T)

b by (TIM + by(T)h + ba(Thv + by (T + by (T) + be(TMZ + b4 (1)
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similar to equation (I.3.4) with the addition of the term bgl)(T).

(1) = 0 and

Similarly, for the case'sL = 2 (deep soil site), for which SL

(2) _
S =1,
10g1oFS(T) = M + wgtt(a,M,T)

# by (TIM + by(T)h + by(T)v + by (T + b (T) + b (MM + b{2)(T)

7
(I.3.6)

with now the addition of a different term bgz)(T).

The use of indicator variables is thus equivalent to using different
regression equations, one for each soil classification, to model the
relationship between Fourier Spectral Amplitudes, FS(T) and soil para-
meter, 5 - These different regression equations will have the same
dependence on all the other variables, but a different intercept (constant
term) for each soil classification. We could have initially fit a sepa-
rate regression model for each soil type instead of a single model with
indicator variables. However, the single model approach here is pre-
ferred because there is only one final equation to work with instead of
three, a simpler representation for all practical purposes! Furthermore,
since all three soil classifications are aésumed to have the same depen-
dence on all the other variables, 1ike magnitude and depth, it makes
sense to combine the data from all soil types to produce a single
regression model. This approach also gives one estimate, of the common
error variance, and of the residual degrees of freedom.

An approach to the treatment of a qualitative variable in our earlier
regression analyses is worth commenting on here. One can "measure" the

soil site classification by an allocated code. Instead of using two
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indicator variables to represent the three levels of the qualitative soil
type, we could simply use the variable S| in the regression analysis and

fit the regression model as follows:

1og]0FS(T) =M+ oZtt(a,M,T)

+ b](T)M + bZ(T)h + b3(T)v + b4(T)hv + b5(T) + b6(T)M + b7(T)SL .
(1.3.7)
This model implies that
E(]ongS(T)]sL =0, rock site) = M + tt(A,M,T)
+ by (TIM + by (T)h + by(T)v + b, (T)hv + bg(T) + b (TIH®
(1.3.8)
as in equation (I1.3.3), but then
E(]ongS(T)[sL =1, stiff soil site)
= E(logyoFS(T)[s, = 0) + b, (T)
and
E(1og]OFS(T)|sL = 2 , deep soil site)
= E(]og]OFS(T)IsL =0) + 2b7(T)
= E(TogyoFS(T)]s, = 1) + by(T) , (1.3.9)

which may be unrealistic. The allocated codes impose a particular metric
on the levels of the qualitative soil classification. However, there is

no quarantee that any such particular allocated code will Tead to a
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spacing that is appropriate. Indicator variables, on the other hand,
are more appropriate for this type of a problem because they do not

force any particular metric on the levels of the qualitative factor.
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I.4 Database Selection for Regression Analysis

The database selection procedure for the Fourier amplitude data,
FS(T), is essentially the same as that in the previous analysis of
Trifunac and Lee (1987b). As before, the data are screened to minimize
a possible bias in the model that could result from an uneven distribu-
tion of data among different magnitudes and from an excessive contribu-
tion from earthquakes that have been recorded abundantly. The only new
feature is that an additional category, namely, soil classification, is
included in the selection process. To carry out this screening the data
is 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 first according to the site
classifications of s = 0,1and 2 (Trifunac and Lee, 1987b). The data
within one magnitude range and one site classification are then further
subdivided according to the soil classifications, 5| = 0, 1 and 2.
Finally, the data within each of these subgroups are separated into
two sets according to component orientation: one set for horizontal
(v = 0) and one set for vertical (v = 1), The resulting data in each of
the subsets correspond now to the Fourier spectral amplitudes from a
specified magnitude range at a specified site classification, of a speci-
fied soil type and with specified component orientation. To properly
balance the effects of attenuation at small and large distances, the
data in each of the subsets are further subdivided into 2 groups: 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, as in our
previous regression analyses, in increasing order in terms of their

amplitudes. If the number of data in the first group (R < 100 km) is
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less than 19, all the data points are kept. Otherwise at most 19 points
are selected from among the ordered set of data so that they correspond
uniformly, as close as possible, to the 5th, 10th,..., up to the 95th
percentiles. Similarly, at most 5 points are selected from the second
group (R > 100 km) of data so that they correspond uniformly to around
the 1/6, 1/3, 1/2, 2/3 and 5/6 x 100th percentiles, This selection pro-
cedure has the effect of reducing the biases described above.

The above selection process is repeated for each of the 91 periods
in the range .04 sec. to 15 sec. In addition, at the Tong period end,
data points with amplitudes that are smaller than the average digitiza-
tion noise, i.e. those with signal-to-noise ratio less than one, are
automatically eliminated from the selection process. This is the case
for many of the data recorded from earthqaukes of smaller mangitudes
and/or recorded at sites with larger epicentral distances. The number
of selected data points used in the regression analysis at the long
period end is thus less than for the intermediate and short period range.

The fitted coefficients at each period T resulting from linear
regression will be denoted by B](T), BZ(T), E3(T), 64(T), 65(T), BG(T)
B;])(T) and 6;2)(T) (see equation I.3.1) respectively.

For given values of T, h, v, A and S| 1og]OFS(T) represents a
parabola when plotted versus M. Following our preceding analyses
(e.g. Trifunac and Lee, 1987b), it is again assumed here that equation
(1.3.1) applies only in the range Mmin <M 5-Mmax’ where, for each

period T:

=
—_
_|
~
]

- by(T)/(2bg(T)) , and

=
—_
—
S
]

- (14b,(T))/(2b(T)) . (1.4.1)
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For M <M . - M is used only in the first term of (I.3.1) and Mg 1s

used with bl(T) and b6(T). For M 2-Mmax’ Mmax is used in all the terms

for M.

log,oFS(T) = M_ + &tt(a,M,T)

A

+ b](T)M + b2(1')h + b3(T)v + b4(T)hv + b

<> 5(T) *b
(1) (1) (2) (2)
+ b7 (T)SL + b7 (T)SL s
where
M = min(M,MmaX) , and

Mmin M S"Mmin

M= maX(Mmin’M<) =(M Moin <M< Moax
Mmax M > Mmax

In other words, equation (I.3.1) is modified to:

(1.4.2)

(I.4.3)
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I.5 Results of the Regression Analysis

Figure I.5.1 shows B](T) through 66(T), B;l)(T) and Bgz)(T), as
full lines, and the corresponding estimates of the 80%, 90% and 95%
confidence intervals represented by the dashed lines.

As can be seen from the figure, the coefficients for M, B](T), and
M2, BG(T)’ as in the previous analysis (Trifunac and Lee, 1987b), are
both significant in practically the whole period range considered
(0.04 sec. to 14 sec,), except possibly at the short and long period
ends. Note that this 1is in good agreement with the conclusions of
previous analyses, where it was shown that the Fourier amplitudes do not
just grow Tinearly with magnitude, It is noted here that the coefficient
multiplying the depth of alluvium h, SZ(T), remains positive all through
the period range and is essentially significant for all periods T,
including the high frequency (low period) end. This is again in agree-
ment with our previous analyses for both Fourier amplitudes (Trifunac
and Lee, 1987b) and pseudo relative velocity amplitudes, PSV(T), at all
five damping values (Trifunac and Lee, 1987c¢). ‘The coefficient for the
component direction v, 83(T), is also in agreement with previous analyses.
The new coefficient for hv, 34(T), which was not considered in our
previous work is negative in the whole period range and is significant
in the mid period range. It is significant, with 90% confidence, in the
period from 0.25 sec. to 2.5 sec. This term should thus be included in
all subsequent analyses of Fourier and Response amplitudes. The coeffi-
cient for the constant term, 66(T), is also in agreement with our previous
work and is significant essentially in the whole period range. Finally,

(1)

the new coefficients, b5 (T) and bgz)(T), corresponding to the indicator
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variables SE]) (sL = 1) and SEZ) (sL = 2) show an interesting trend.
For periods up to 0.35 sec., both are negative and then become positive
up to about 10 sec. periods. This means that in the period range below
~ .35 sec. the Fourier amplitudes are attenuated and between 0.35 and
10 sec., the Fourier amplitudes are amplified.

With FS(T) representing the Fourier amplitude spectra computed
from recorded accelerograms, the residues are calculated as in our

previous analyses (Trifunac and Lee, 1987b), from
e(T) = Togy [FS(T)] - Togy [FS(T)] . o (1.5.1)

Again, it is assumed that e(T) can be described by a normal distribution
function with mean u(T) and standard deviation o(T) as follows:
e(T) 2

_ 1 1 x=u(T
p(e,T) = rrye= {m expl- 5 oy ) ldx

(1.5.2)

where p(e,T) represents the probability that 1og]0[FS(T)] - 1og]O[E§(T)],g

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 evalu-

ated by finding the fraction of residuals e(T) (computed from the data-

base at that particular period) which are smaller than the given value.
Using (I.5.2), the estimated probability B(e,T) that (T) will not

be exceeded can also be evaluated and compared with the above fractions.

For p*(e,T) calculated at 91 periods, the residuals €(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 the residual values at each of the probability levels, 0.1 through 0.9,
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At each such level, the rough solid 1ine represents the actual calculated
residue values. The smooth solid curves are obtained by smoothing the
rough solid curves along the period (T) axis. The smooth surface,
p*(e,T), from the nine solid curves thus represents the distribution of
the computed Fourier amplitudes FS(T) about the estimated amplitudes
Eé(T) given in (I1.4.2). By fitting p(e,T) in equation (I.5.2) to p*(e,T)
at 91 periods, the mean and standard deviation of the normal distribution
function, ;(T) and S(T), are evaluated. Substituting these values into
equation (I.5.2), with p(e,T) taking values 0.1 through 0.9, will result
in g(T) for the 9 probability levels. These are the nine dashed lines in
Figure 1.5.2. The surface p*(e,T) that resulted from the new regression
model in the present analysis is narrower in the e range when compared
with that of our previous analysis (Figure 1.5.2 of Trifunac and Lee,
1985a).

Figure 1.5.3 shows a plot of the statistical parameters. The smooth
amplitudes of ﬂ(T) and S(T) and their 95% confidence intervals are
respectively given in the top two plots of the figure. The two full
curves in the bottom of the figure are respectively the smoothed ampli-
tudes of the computed xz, XZ(T) and Komolgorov-Smirnov, KS(T), statistics.
The dashed 1lines are their corresponding 95% cutoff levels. It is seen
that in the whole period range considered, 0.04 sec. to 14 sec., both
the x2 and K-S tests fail to reject the hypothesis that the distribution
is normal. The density function in equation (I.5.2) 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 values of the smoothed regression coefficients b](T),
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TABLE I.5.1

1og]OFS(T) = M+ LtE(AM,T) +

PERIOD, T(SEC)
.040  .065

COEFFICIENTS :

b, (T) 652 .667
b,(T) .067 .063
by(T) .127 .091 -
b,y (T) .006 -.002 -
be(T)-3.921-3.876-4.
bg(T) -.095 -.098 -

{11y - 314 - 282 -
b§2)(T) - 264 -.260 -

Moo 3.429 3.389 3
Moo 8.691 8.472 8.
RESIDUES :
p =.1 -.568 -.549 -
p =.2 -.378 -.363 -
P =.3 -.240 -.227 -
p =4 -.121 -.112 -
p =.5 .007 .006
p =6 .123 .117
p =.7 .236 .225
p =.8 .367 .349
p=.9 .557 .535
RESIDUE STATISTICS:

L(T) -.002 -.002 -

o(T) 445 426
X2(T) 8.634 8.319 7.
KS(T) .032 .032

by (TIM, b, (T)h + by(T)v + b, (Thhv + b(T) + b (T)MZ, +
p{ (s + p{2)(1)s(2)
MAG-DEPTH-SOIL DIRECT:1-STEP MODEL
11 .19 .34 .50 .90 1.60 2.80 4.40 7.50 14.0
819  .962 .977 .927 .854 .876 .940 .856 .382 -.707
.056 .047 .040 .039 .049 .067 .084 .087 .069 .020
012 -.155 -.272 -.292 -.233 -.152 -.122 -.126 -.132 -.131
.015 -.030 -.041 -.047 -.051 -.048 -.040 -.033 -.030 -.034
151-4.532-4.809-4.924-5.151-5.568-5.881-5.529-3.791 -.019
2114 -.127 -.128 -.123 -.112 -.110 -.113 -.110 -.080 -.006
.219 -.120 -.008 .052 .120 .161 .161 .127 .065 -.002
.238 -.151 -.012 .069 .l44 .169 .152 .103 .004 -.1l44
604 3.780 3.810 3.773 3.814 3.991 4.155 3.897 2.376 .000
006 7.711 7.711 7.845 8.282 8.549 8.576 8.450 8.60014.500
504 -.450 -.413 - 411 -.435 -.459 - 461 -.451 - .436 -.425
330 -.291 -.267 -.269 -.290 -.303 -.293 -.281 -.274 -.272
.203 -.176 -.162 -.165 -.178 -.182 -.169 -.156 -.150 -.147
.096 -.080 -.073 -.077 -.086 -.086 -.074 -.064 -.061 -.059
.003 .002 .003 .002 .001 .005 .015 .020 .016 .009
.104 .092 .084 .083 .086 .093 .100 .103 .100 .094
.201 .176 .162 .163 .175 .187 .189 .185 .178 .170
2314 0277 0259  .265 .286 .296 .285 .272 .264 .257
491 436 0398 .396 421 439 423 397 .372 .354
.002 -.001 -.001 -.001 -.002 -.001 .002 .003 .001 -.001
.388 .343 .316 .317 .338 .352 .343 .328 .315 .305
075 6.625 7.147 7.322 7.173 8.14810.44211.72211.51410.936
.031 .030 .031 .031 .031 .034 .040 .044 .046 .046
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A

: S . Bamy. 20y B2
b,(T), by(T), by (T), by(T), by(1), BT, 6Y&)(m), M . (T),

max

(1),

the nine smoothed calculated residue Tevels corresponding to p*(e,T) =

min

0.1 through 0.9, the smoothed coefficients a(T), S(T) in equation (I.5.2),
the x2 and the Kolmogorov-Smirnov statistics. As in our previous analyses,
the 12 periods presented will be sufficient for most practical computa-
tions, especially since the smoothness of the coefficients is such that
any interpolation scheme will yield adequate estimates of FS(T) in the

entire period range from 0.04 sec. to 14 sec.
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I.6 Examples of Estimated Fourier Spectra

Figure 1.6.1 presents four plots of estimated FS(T) spectra using
equation (I.4.2). The top two plots are examples of FS(T) computed for
magnitudes M = 4.5, 5.5, 6.5 and 7.5 at epicentral distance R = 0, focal
depth H = 5 km, soil parameter S| = 1 (stiff soil), for p(e,T) = 0.5
(equation (I.5.2)), and for horizontal and vertival motions. The solid
Tines 1in both plots correspond to the depth of sediments h = 0 km, while
the dashed Tines correspond to that of h = 4 km. The lower left figure
illustrates the effect of epicentral distance R on the changes of spec-
tral amplitudes for magnitude M = 6.5, focal depth H = 5 km, sedimentary
depth h = 2 km, soil parameter S| = 1, p(e,T) = 0.5 and for horizontal
(solid lines) and vertical (dashed lines) components. Four sets of
curves corresponding to R = 0, 25, 50 and 100 km are presented. The
lower right plot in this figure illustrates the effect of focal depth
H on the changes of spectral amplitudes for p(e,T) = 0.5, M = 6.5,
R=20km, h =2 km and S| = 1 for both horizontal (solid) and vertical
(dashed) components.

The diagonal dashed lines at the bottom of each plot in this and in
all subsequent similar figures represent the average FS amplitude of the
digitization and processing noise. The plot of each FS spectrum is
presented only for those periods where the signal to noise ratios are
not much less than unity, or where the slope of a curve in the log-log
scale is not significantly greater than -1.

The trends of the computed FS(T) amplitudes in the figures pre-
sented here (I.6.1) are in many ways similar to those discussed in our

previous analyses (Trifunac and Lee, 1985a). The top two sets of
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graphs show that, as before, the rate of growth of amplitudes with
magnitudes M decreases as M approached 7.5. The effect of local geologic
conditions (alluvial depth), is significant for the whole range of
periods from 0.04 sec. to 14 sec. for both horizontal and for vertical
motions. This is now different from what we found in our previous
analyses, where the geologic site characteristics were found to play an
important role only at intermediate and long periods and no significant
role at high frequencies. This difference can be attributed to the new
form of the dependence of the site characteristics in the present anal-

yses (equation (I1.3.2)) on h and v simultaneously:
bZ(T)h + b4(T)hv = (b2(T) + b4(T)v)h s (I.6.1)

which results in the coefficient for the site characteristics to be
component dependent. These new trends are also dependent on the simul-
taneous consideration of soil and geologic site conditions. The two
plots at the bottom (of Figure I.6.1) exhibit similar characteristics
and trends as found in our previous analyses.

Figure 1.6.2 presents another four plots of estimated FS(T) ampli-
tudes, to illustrate the effect of Tlocal soil conditions on FS(T). The
top two plots are examples of FS(T) computed for magnitudes M = 4.5, 5.5,
6.5 and 7.5 at epicentral distance R = 0, focal depth H = 5 km, alluvial
depth h = 2 km, for p(e,T) = 0.5, and for the horizontal (v = 0) and
vertical (v = 1) motions. The solid lines in both plots correspond to
the Tocal soil condition | = 0 (rock) while the dashed 1ines correspond
to s = 2 (deep soil). The bottom two plots show examples of FS(T) for
magnitude M = 6.5, epicentral distances R = 0, 25, 50 and 100 km, focal

depth H = 5 km, alluvial depth h = 2 km, for p(e,T) = 0.5, and for
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horizontal (v = 0) and vertical (v = 1) motions. The solid lines again
correspond to S| = 0 and the dashed Tlines to S| = 2. In each set of the
graphs, it is observed that for periods up to ~ 0.35 sec., the Fourier
amplitudes FS(T) at rock sites (sL = 0) are higher than those at deep
soil sites (SL = 2). Beyond 0.35 sec., this trend is reversed up to
the periods of about 10 sec. so that for these intermediate periods, the
Fourier amplitudes at deep soil sites are higher than those at the rock
sites.

Figures 1.6.3 and 1.6.4 compare the differences of the effects the
local geologic and local soil site characteristics have on FS(T). Figure
[.6.3 consists of three plots, one for each local soil classification
(SL =0, 1 and 2). For each plot, the FS(T) has been computed for the
depth of alluvium equal to 0, 2 and 4 km. This figure shows that for all
lTocal soil site classifications, in the whole period range considered,
the higher the alluvial depth, the higher will be the Fourier amplitudes.
Figure I.6.4 also shows three plots, one for each alluvial depth equal
to 0, 2 and 4 km. For each alluvium depth, the soil classification
ranges from S, = 0 (rock) to1 (stiff soil) and to 2 (deep soil). It is

seen that for periods up to ~ 0.3 sec. the Fourier amplitudes, FS(T),

i

on s 0 (rock) sites are higher than those with S| = 1 (stiff soil),

or s 2 (deep soil). Beyond ~ 0.3 sec., this trend is reversed up to

L
periods of about 10 sec., a trend also indicated earlier in Figure
1.6.2. The two figures (1.6.3 and 1.6.4) show that local alluvium depth
and local soil parameters have different characteristics at different

period ranges and that both are significant but in a different way.
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I.7 Actual Versus Estimated Fourier Spectra

Figures I1.7.1 through'I;7;9 show examples of how horizontal and
vertical Fourier spectra computed from equation (I1.4.2) compare with
the actual Fourier spectra for the corresponding components of recorded
strong-motion data at various sites. The various sites chosen here
correspond to different combinations of the local soil and geological
site classifications. ‘Table I.7.1 shows the local soil classifications
and depth of sediments at the chosen sites. The record reference namesof
the files used here (AG106,AJ141, etc.) correspond to our standard
accelerogram file names in the uniform data base used here (Lee and
Trifunac, 1987, EQINFOS Part 1). Table I.7.1 shows that for each soil
classification (SL =0, 1 and 2), sites corresponding to small, medium
and 1arge alluvial depths have been chosen. In figures I.7.1 through
1.7.9, the 10910FS(T) spectra were computed for the probability of
exceedance (equation 1.5.2) p(e,T) = 0.1, 0.5 and 0.9. The interval
between the spectra for p = 0.1 and 0.9 then represents an estimate of
the 80% confidence interval. At the top of each plot, the first line of
the title identifies the record reference name, the location of the site
and the year of the recording. The second Tine of title gives the
parameters at the site that are used for the calculation of the esti-
mated FS(T). This includes magnitude and focal depth of the earthquake,
epicentral distance, Tocal depth of alluvium and the local soil classi-
fication at the site. The left plot presents spectra for the two hori-
zontal components of the recorded accelerations while the right plot
shows the spectra for the vertical component. As can be seen from

these figures, the agreement between the recorded and the estimated
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TABLE I.7.1

Soil ROCK STIFF SOIL DEEP  SOIL
Alluvial (s, =0) (s, = 1) (s, =2)
Depth, h L L L

SMALL AG106 AJ141 AROOS

h=0ft. h=0 ft. h = 475 ft.
MEDIUM AJ144 ADO56 AAO09

= 1700 ft. | h = 6000 ft.| h = 6000 ft.
LARGE AE081 ABO2] AROO1

- 10380 ft.| h = 21171 ft.| h = 15000 ft.
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spectra in each case is good. Comparing the last figure (Figure 1.7.9)
for E1 Centro, 1940, with the corresponding figures in our previous

analysis (Trifunac and Lee, 1985a) for both the horizontal and vertical
components it is seen that the 80% confidence interval in this analysis

is narrower.
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1.8 The Residue Two-Step Model

The previous sections in this part have dealt with the direct,
"1-step," model where the scaling of Fourier spectra in terms of M, R, H,
S, h, S| and v has been performed in one step, with the soil indicator
variables included in the regression equation directly. Here we consider
another alternative in which our previous regression model (equation
(I.1.1)) which doesn't include soil classification may have already been
used and the scaling functions B](T) through 36(T) estimated. Let

1og]0FS(T) be such estimated Fourier amplitudes,

1og]0FS(T) = M<-faltt(A,M,T) +

e N

b1(T)%c;fb2(T)h + b3(T)v + b4(T)hv +b

(1.8.1)
To study the influence that the additional soil classification may
have on the Fourier spectral amplitudes, the residues with respect to our

previous regression model can first be calculated:
e(T) = 1og]0FS(T) - 1og]0FS(T) R (1.8.2)

with 1og]0FS(T) representing the actual Fourier amplitudes. The residues
at each site where soil classification is available can then be fitted

by the equation

e(1) = o{Vms{) + p{2 ()52 4

7 L 8(T) (I1.8.3)

(1) (2)
where SL' and SL
b§1)(T) and bgz)(T) are the corresponding scaling functions and b8(T)is a new

additional constant coefficient. Equation (I.8.2) can now be combined

are the indicator variab1e5'forsL as defined previously,

with equation (I.8.1) to become:
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]oglOFS(T) = M+ tt(a,M,T) +

~

¢y (TM # ey (Thh + cg(Thv + cy(Thhy + cg(T) + c (T2 +
{ (1.8.3)

where ci(T) = bi(T) except for the scaling function c5(T) for the constant

1, which is given by

A A

25(T) = by(T) + by(T) . (1.8.4)

The variance of~c5(T),<%5(T), is given by the root-mean-square (R.M.S.)
by (T

of the variances of b5( ) and 68(T):
6 +(T) = (62(T) + ola(T))? (I1.8.5)
ch ) b8 : to

This procedure will be referred to as the residue "2-step" model in
contrast with the direct "1-step" mode1 presented earlier, The regression
analyses and subsequent plots can now be repeated for the "MAG-DEPTH-SOIL"
model as given in Part I.8 of this work. Figures 1.8.1 through I.8.16
are an identical set of plots for the "2-step" model as Figures 1.5.1
through 1.7.9 for the direct "1-step model." Table I.8.1 shows the
correspondence of the figure numbers, in these two models.

Comparisons of the corresponding figures of the direct "1-step"
model and the residue "2-step" model show a lot of similarity between
the two analyses. The shapes of the scaling functions are very similar,
the residues for the nine probability Tevels havealmost identical widths,
and the estimated FS amplitudes are also very similar. One advantage
that the residue "2-step" model has over the direct "T1-step" model is

that in the "2-step" model, the first step of regression (equation
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TABLE I.8.1

FIGURE NUMBERS OF THE MAG-DEPTH-SOIL MODEL

Figure Description

Direct T-step

Residue 2-step

Model Model
Scaling Functions I.5.1 1.8.1
Residue Levels [.5.2 1.8.2
Residue Statistics I.5.3 1.8.3
Estimated FS 1.6.1-1.6.4 1.8.4-1.8.7
Actual vs. Estimated FS 1.7.1-1.7.9 1.8.8-1.8.16
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TABLE I1.8.2

ey (T tey(Th + co(Thv + ¢, (Thhy + cg(T) + ¢ (TME, +
c§1)(T)sE]) + c§2)(T)SEZ)
MAG-DEPTH-SOIL RESIDUES:2-STEP MODEL
PERIOD, T(SEC)
040 065 .11 .19 .34 .50 .90 1.60 2.80 4.40 7.50 14.0
COEFFICIENTS:
c(T) -.237 -.192 .019 .267 .468 .579 .750 .890 .879 .662 .095 -.907
c,(T) .012 .010 .013 .031 .060 .078 .093 .099 .099 .091 .065 .021
Cq(T) .044 -.003 -.116 -.223 -.267 -.255 -.208 -.169 -.148 -.135 -.114 -.101
¢y (T) .028 .022 .008 -.017 -.048 -.061 -.059 -.040 -.022 -.017 -.021 -.034
Cg (T)-1.026-1.115-1.683-2.540-3.517-4.156-5.058-5.673-5.615-4.792-2.785 618
cg(T) -.027 -.032 -.049 -.068 -.08L1 -.088 -.099 -.110 -.112 -.099 -.061 008
c7(1)(T) -.236 -.216 -.177 -.116 -.049 -.015 .021 .056 .086 .094 .070 .003
c,(2) (1) -.237 -.227 -.202 -.138 -.046 .006 .053 .069 .059 .031 -.021 -.088
Mo:,  .000 .000 .194 1.970 2.877 3.285 3.778 4.041 3.939 3.356 .775 .000
Moy 14.50014.50010.392 9.342 9.023 8.958 8.814 8.583 8.419 8.426 8.96714.500
RESIDUES :
p =.1 -.587 -.562 -.508 -.452 - .421 -.421 -.440 -.458 -.462 -.453 -.436 - 420
p =.2 -.366 -.352 -.323 -.292 -.276 -.278 -.293 -.304 -.300 -.288 -.272 -.261
p =.3 -.220 -.209 -.192 -.177 -.172 -.174 -.183 -.191 -.188 -.176 -.156 -.136
p =.4 -.098 -.091 -.086 -.082 -.081 -.081 -.083 -.089 -.090 -.082 -.064 -.047
p=.5 .018 .020 .016 .009 .002 -.001 -.001 .001 .006 .013 .023 .03
p=.6 .144 .135 .114 .093 .084 .085 .091 .097 .10l .102 .101 .099
p=.7 .249 .235 .206 .180 .170 .174 .184 .191 .191 .186 .175 .165
p=.8 .368 .351 .317 .286 .272 .274 .287 .299 .300 .291 .274 .256
p=.9 .524 .502 .466 .428 .407 410 .428 .441 .433 413 .384 358
RESIDUE STATISTICS:
§(T) .004 .003 .00L -.001 -.002 -.003 -.002 -.001 -.000 .000 .00l .002
o(T) .441 421 .381 .343 .325 .327 .342 .354 .353 341 .321 .302
x%(T) 8.493 8.751 7.898 6.863 6.793 7.493 8.776 9.191 9.162 9.80311.67313.876
KS(T) .042 .044 .041 .038 .038 .040 .043 .043 .043 .048 .059 071
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(I.8.1)) can be performed on a larger database including sites where
information on soil classification is absent. It is only in the second
step (equation (I.8.3) that regression has to be performed on that part
of the database for the sites with available soil classification. Thus
as more information on soil site classification becomes available, only
the second step of iteration needs to be repeated to update the scaling
functions. As for the direct "1-step" model, the regression analysis
can be performed only on that part of the database for sites with soil
classification. Every time this part of the database is updated, the
whole regression has to be repeated.

Finally, Table I1.8.2 presents scaling functions, residue levels and
residue statistics at 12 discrete periods for the "2-step" model and
corresponds to Table I.5.1 for the "T-step" model.

This completes the presentation of the Part I analysis of the

scaling of FS(T) in terms of M, R, H, S, h, s and v.
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PART II:  SCALING OF FOURIER SPECTRA IN TERMS OF M, R, H, S, s, S| and v

IT.T The New Scaling Relation

Part II of this work continues the description of the new empirical
model for scaling Fourier Amplitude Spectra of strong ground motion in
terms of earthquake magnitude, source-to-station "representative" distance,
local site geology and local soil classification. Part I of this work
characterizes the Tocal geology by the approximate overall depth of
sedimentary deposits beneath the recording station, h. As pointed out
in our previous analyses (Trifunac and Lee, 1985a), while the alluvial
depth at each recording station represents a well defined quantitative
site characterization, in many instances, 1ittle may be known about such
depth at some sites and so the scaling of FS(T) amplitudes there using
depth, h, would be impossible. The qualitative site characterization
in terms of s = 0 (sites on sediments), s = 1 (intermediate sites) and
s = 2 (sites on basement rock), thus remains a useful approach to the
scaling of FS(T) amplitudes.

The previous scaling relation using site condition, s, is of the

form (Trifunac and Lee, 1985a)
1og]0FS(T) =M<'+QA1tt(A,M,T) +

2
b](T)M<>+b2(T)s + b (T)v + b5(T) + b6(T)M<> s (IT.1.1)

3(
with all the parameters defined as before. Here the variable for site
condition, s, has been treated as a quantitative variable in the scaling

relation. To include the soil classification in the regression analysis,

the regression equation of FS(T) to be used will now take the form:



1og]0FS(T)=M< + Attt (A M,T) +

by (M, +b5 (1) s (2)(1)5(2) 4 b () +

o115y + 52 (152 + b (1) + b (T +

Here, as in Part I, SE]) and SEZ) are the indicator variables used to
characterize the soil classification at the site (equation I1.3.,3). S(])

and 3(2) represent a new pair of indicator variables for local site

1 ifs =1,

N
—
—
~
it

conditions: ’

0 otherwise ,

and _
(2) _ 1 ifs=2 ,
0 otherwise . (11.1.3)

As in the case for soil classification, (section I.3), the use of

(2)

the indicator variables S(]) and S instead of s (in our previous
analyses), is due to the fact that s, unlike h, is a qualitative variable
which takes on the discrete values of 0, 1 and 2 for the three distinct
types of geological site classifications. The additional terms

b{1 (151 togetner witn b5 (1)st1), for 1 = 1 and 2 witl result in

the coefficients characterizing the site condition, s, to be component
dependent, so that for horizontal (v = 0) and vertical (v = 1) components,

this takes the form (for i = 1, 2):

b{ 1) (m)stt) V=0 ,
p$ (st bl (mysti)y -
ORIGET RGN,
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The scaling functions b](T) through bgz)(T) have been determined
through the regression analysis of the new database of 1482 components
of spectral amplitudes, FS(T), at 91 discrete periods T ranging from
0.04 sec. to 15 sec. As in Part I of this work, the data were first
screened for possible bias in the model. A1l procedures in data
preparation, selection, and the procedures of the regression analysis
employed here are identical to those in Part I of this work. The
computed coefficients at each period T resulting from linear regression
will be denoted by g](T) thorugh Bgz)(T), respectively.

Much of the presentation to follow in this and in the subsequent
sections will be similar to the corresponding sections in Part I of
this work. The reader may refer to the corresponding sections in
Part I for a more comprehensive discussion and description of various
procedures.

Substituting the fitted coefficients into equation (II.1.2) gives

A

FS(T), the estimated spectral amplitudes, where

1og]OFAS(T) =M+ gtt(A,M,T) +

A

b, (T)M + B;”(T)S(]) ¥ b

b,(Tv + by (mstTy + 8{2)(1)s(8)y + b, (1) +

e 2, (1) mye(1)  2(2) 11ye(2)

b6(T)M + b7 (T)SL + b7 (T)SL (I1.1.4)
As before, equation (II.1.4) applies only in the range Mmin <M S'Mmax’

where for each period, T:
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AN

M. (T) = - B](T)/(ZbB(T)) , and

= - (145, (T))/(2bg(T)) (11.1.5)

=

—~

—

SN—
]

and equation (II.1.4) is then modified to:
1og]0FS(T) = M_+ Att(AM,T) +

by (TIM__+ Bél)(T)S(]) + 582 (1)s(2) 4

b.(T)v + b (mys(y 4+ 542 (1ys@)y 4 5 7y «
3 4 4 5
A 2, (1) (1) , 1(2) (2)
be(TIME, + b3 /(T)s) )+ b7 (), (I1.1.6)
with
M o= min(M,MmaX)
M. M<M.
min min
M, = max(M“in,M<) = (M Mmin <M S*Mmax
Mnax M> Moax
(11.1.7)

The residues e(T) = ]og1O(FS(T)) - 1og1O(FS(T)) describing the dis-
tribution of the recorded FS(T) about the estimated FS(T) are next
calculated. As in the previous part, e(T) can be described by a normal

distribution funciton 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 g](T), Bé])(T),

A

652 (1), by, B{1(m), B{BV(T), By(m), By, B4V () and 542 ()

(solid lines) together with the estimates of their 80%, 90% and 95%
confidence intervals (dashed lines). Comparison of this figure with the
corresponding figure I.5.1 in Part I shows that the scaling functions

B](T), 83(T), BS(T), Bs(T), 851)(T) and B;Z)(T) in both figures are

almost identical. These functions correspond to the same parameters,

M, v, 1, M2, SE]) and SEZ), respectively, in the respective scaling

relations. Their similarity thus demonstrates the consistancy between

2
(s =1) and 3(2) (s = 2), in Figure II.2.1 are both opposite in sign

the two scaling models. The functions B(])(T) and Béz)(T), for S(])

when compared to the corresponding function bz(T) for alluvial depth h
in Figure I.5.1. This again shows consistency since s = 2 (for basement
rock sites) corresponds to alluvial depth h = 0 km. Similar observation

can be made for the functions b§1)(T) and b(z)(T) for S(])v and S(z)v,

4 L L
when compared with the corresponding function b4(T) for hv.

Figure I1I.2.2 shows the plot of the residuals corresponding to
p*(e,T) = 0.1 through 0.9 for 1og]OFS(T).aRefer to the Figure I1.5.2 in
Part I for a more detailed description of each of the nine sets of
curves. It is of interest to compare these figures, since they both
illustrate the spread of the observed data about their corresponding
models, being different only in the method for characterization of the
Tocal site geology. As in our previous analyses (Trifunac and Lee, 1985a)

the resemblance of the two figures demonstrates that with other factors

being identical the uncertainties associated with the characterization
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FS RESIDUES STAT MAG-SITE-SOIL DIRECT, 1-STEP MODEL
0.010 —

0.005 —

-0.005 |- T~

0.50 — 13! 1

@.35 -

16 - 10" 1 10
R e LR EE R T T
12 2

b1l | [ A | 1 [ B A N |

10 1 10
0.060 — KS(95%)

@.050 — KS(T)

0.040 —

0.030 — —

0.020 —=—+ 1 1 111l ! Lo byl 1 A BN

16" 1 10

Figure 11.2.3
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TABLE 11.2.1
1097 FS(T) = M+ tt(a,i,7) + by (T_+b$1 (1)s1) 4 {2 (1)s(2) 4
by(Tv + b{1sy 4 (2N mys(B)y 4 p (1) + b (102
o msM 4 oD (12
MAG-SITE-SOIL DIRECT:1-STEP MODEL
PERIOD, T(SEC)
.040 .065 .11 .19 .34 50 .90 1.60 2.80 4.40 7.50 14.0
COEFFICIENTS:
b1(T) .604 .629 .797 .971 1.039 1.017 .953 .990 1.138 1.140 .661 -.656
bz(])(T) -.161 -.138 -.100 -.077 -.101 -.141 -.193 -.191 -.138 -.082 -.025 .031
b2(2)(T) -.092 -.086 -.070 -.086 -.145 -.183 -.207 -.205 -.225 -.251 -.245 -.157
b3(T) .140  .084 -.052 -.233 -.397 -.450 -.429 -.333 -.250 -.224 -.234 - .260
b4(])(T) .036  .039 .038 .042 .078 .124 .186 .173 .080 -.001 -.036 .021
b4(2)(T) .021  .015 .006 .030 .102 .154 .206 .236 .270 .280 .211 -.002
b5(T)-3.686-3.675- .009-4.473-4.853-5.012-5.237-5.705-6.291-6.203-4 .464 - .049
bg(T) -.090 -.094 -.110 -.127 -.134 -.130 -.120 -.119 -.129 -.133 -.103 -.011
b7(])(T) -.252 -.227 -.174 -.096 -.019 .026 .099 .178 .213 .180 .078 -.080
b7(2)(T) -.183 -.187 -.174 -.117 -.027 .030 .113 .188 .218 .175 .034 -.209
Mmin 3.367 3.351 3.615 3.815 3.891 3.906 3.968 4.168 4.411 4.295 3.220 .000
Mmax 8.937 8.680 8.152 7.743 7.637 7.746 8.131 8.376 8.287 8.063 8.08814.500
RESIDUES:
p=.1-.590 -.566 -.514 -.455 -.417 -.416 -.443 - 474 - 482 - .469 - . 4L4D -.417
p=.2 -.373 -.360 -.329 -.292 -.267 -.267 -.287 -.305 -.301 -.288 -.273 -.263
p=.3-.230 -.219 -.199 -.175 -.162 -.163 -.179 -.190 -.184 -.170 -.154 -.143
p=.4-.103 -.099 -.091 -.079 -.071 -.074 -.084 -.086 -.075 -.067 -.068 -.073
p=.5 .008 .006 .002 .000 .003 .006 .007 .011 .018 .020 .0l4 .007
p=.6 .126 .118 .103 .090 .085 .086 .092 .100 .107 .107 .099 .089
p=.7 .239 .228 .204 .180 .166 .168 .184 .201 .204 .195 .175 .157
p=.8 .369 .353 .323 .288 .266 .267 .287 .307 .307 .293 .271 .252
p =.9 .574 .549 501 444 403 .398 419 442 .44LO .422 .398 .376
RESIDUE STATISTICS:
w(T) .000 -.000 -.000 .000 .001 .000 -.000 .001 .004 .004 .002 -.001
o(T) .451 .432 .394 .348 .318 .317 .338 .360 .360 .346 .324 .306
X2(T) 5.835 6.112 6.207 6.337 6.811 7.359 8.415 9.70610.79510.92110.105 9.457
KS(T) .029 .031 .031 .031 .031 .031 .032 .036 .042 .046 .047 .047
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of Tocal geology in terms of the site conditions s = 0, 1 and 2, are not
much greater than those associated with the site characterization in
terms of the alluvial depth, h.
Figure II.2.3 shows the plot of the statistical parameters in the
description of the residues, namely, S(T), S(T), XZ(T) and KS(T), from
top to bottom. Note that in the entire period range from T = 0.04 sec.
to T =15 sec., both the xzand KS tests again (as in Part I) fail to
reject the hypothesis that the distribution is normal, with 95% confidence.
Table II.2.1 gives, for 12 periods between T = 0.04 sec. and

= 14 sec., the regression coefficients, gl(T)’ Bél)(T), Béz)(T),

~(1) ~(2) " ey a(l) ~(2) 9
5, b, 652y, by (1), b (1), 641y, BB ry, m . (1),
Mmax(T), the nine residue Tevels corresponding to p*(e,T) = 0.1 through

0.9, the coefficients Q(T), S(T) of the normal distribution and finally

.
b

the XZ(T) and KS(T) statistics.
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IT.3 Examples of Estimated Fourier Spectra

Figure II.3.1 presents four sets of plots of estimated FS(T) spectra
using equation (II.1.6). The top two sets are examples of FS(T) computed
for magnitudes M = 4.5, 5,5, 6.5 and 7.5 at epicentral distance R = 0,

focal depth H = 5 km, for soil parameter S, = 1 (stiff soil), for p(e,T) =

L
0.5 (see equation I1.5.2 of Part I), and for the horizontal and vertical
motions. The solid Tines in both figures correspond to the geologic site
condition s = 2 (rock), while the dashed lines correspond to s = 0
(alluvium). The diagonal dashed lines represent the average Fourier
amplitudes of digitization noise. The lower left plot illustrates the
effect of epicentral distance R on the changes of spectral amplitudes
for magnitudes M = 6.5, focal depth H = 5 km, site condition s = 0,
soil classification S| = 1, p(e,T) = 0.5 and for horizontal (solid lines)
and vertical (dashed Tines) components. Four sets of curves corresponding
to R = 0, 25, 50 and 100 km are presented. The Tower right plot illu-
strates the effect of focal depth H on the changes of spectral amplitudes.

The trends of the computed FS(T) amplitudes in Figure II1.3.1 are
in many ways similar to those presented in Figure I.6.1 of Part I for
the magnitude-depth model, The Tocal geologic conditions in terms of
s =2, 1 and 0, here, correspond to small, intermediate and large
alluvial depths in the model using h in Part I.

Figure 11.3,2 presents another four plots of estimated FS(T) to
illustrate the effects of local soil conditions on FS(T). This figure
is very similar to the corresponding figure, Figure I1.6.1 of Part I in

the MAG-DEPTH-SOIL Model. As in the case of the magnitude-depth-soil

model in Part I, it is observed that for periods up to ~ 0.3 sec., the
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ESTIMATED FOURIER AMPLITUDES SPECTRA - IN/SEC

MAG = 4.5,5.5,6.5,7.5 SITE = 2¢ D) & . Q(————- P
10°= FOCAL DEPTH = S KM 193: SOIL =1 R =0. KM
- - DIRECT
~ N 1-STEP MODEL
to°E =
10 = =
L E =
1@1; ,’/ 1@1;
1@2 ! ||1m|_.1 Lot ol !163L[ |||m[_1 Lt tyrnd RIS SRR ]
10 1 10 10 1 10
MAG = 6.5 SITE = 0 HORZ ¢ > & VERT(————--)
103,.:_ SOIL = 1 . 1@35_
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10 = =3
1= =
10’ =
-/ -7 FOCAL DEPTH = S KM - "R = 0. KM
: /'é = 0,25,50,100 KM B JFOCAL DEPTH = 5,10, 25.50 KM
168 1 llyml_ Lo terpd Lo tnul IHZ'? !linnl_ Lol vt ]

16" 1 10 1¢° 1 10
PERIOD - SEC
Figure I1I.3.1
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ESTIMATED FOURIER AMPLITUDES SPECTRA - [N/SEC
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“f__ FOCAL DEPTH = S KM 103___ SOIL = Q¢ ) & 2(————= p;
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o' =
10 = =
1E =
1(51; P 10
1@'2 [IEEERIT] ol Lot tonld |1®2 bl bl bl !
10 1 10 10 1 10
MAG = 6.5 R = 0,25,50, 100 KM FOCAL DEPTH = S KM
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Figure 11.3.2
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TABLE II.3.1

Soil "ROCK" STIFF SOIL DEEP SOIL
Geologic (sL = 0) (sL =1) (SL =2)
Site
Conditions

Rock AG106 AJ141 AA0OS8

or s =2 s =2 s =]
Intermediate
(s =2o0ril)

Intermediate Ad144 AD056 AA0Q9

(s =1) s =1 s =1 s =0

Intermediate AEO81 ABO?21 AAQO1

. or s =1 s =90 s =0

“ATTuvium

(s =1 or0)
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spectral amplitudes FS(T) at rock sites (SL = 0) are higher than those
at deep soil sites (sL = 2). Beyond ~ 0.3 sec., this trend is reversed
up to the periods of about 10 sec., so that within this intermediate
period range the Fourier amplitudes at deep soil sites are slightly
higher than those at the rock sites.

Figures 1I.3.3 and II1.3.4 (as Figure 1.6.3 and [.6.4 of Part I)
compare the differences in the effects of local geologic site conditions
and of local soil classification on FS(T). Similar conclusions can be
drawn here as for the model using alluvium depth in Part I.

Figures II.3.5 through II.3.13 present nine examples of how the
horizontal and vertical Fourier amplitudes computed from equation
(I1.1.2) compare with the actual Fourier spectra for the corresponding
components of recorded strong-motion data at various sites. The same
nine sites have been used here as for the magnitude-depth-soil model
in Part I. Table II.3.1 shows the soil (sL) and the geological site (s)
parameters at the chosen sites.

Table II.3.1 shows that for each soil classification S = 0, 1 and
2, we attemted to find the sites corresponding to the geological site
conditions s = 2 (rock), s = 1 (intermediate) and s = 0 (alluvium).

The exceptions are the sites corresponding to 5| = 0 (rock)and s = 1

(AE081) and s, = 2 (deep soil) and s = 0 (AA009),since such combinations

L
of s and S| do not exist in the data base. As in the case of the model
which was discussed in Part I (Figures I1.7.1 to 1.7.9), the agreement

between the actual and estimated FS(T) amplitudes is good.
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IT.4 The Residue Two Step Model

As in Part I of this work, the residue, two-step procedure, for the
MAG-SITE-SOIL model will be presented here briefly. The first step of
this procedure is to scale the Fourier spectra in terms of all the

parameters except for soil site classification:
]og]OFS(T) = M_+taztt(a,M,T) +

by (MM +b51 ) (1)st1) 4 5{2)(1)s(2) 4 5 () +

3

b mysty + 52 mys(My + 5 (1) + B (T2,

(I1.4.1)

The residues, ¢(T) = 1og]OFS(T) - 1og]oﬁ§(T), at each site where soil

classification is available are then fitted by the equation

—

e(m) = b8 (s 4 6 (mys{?) 4 b (1) (11.4.2)

Combining equations (II.4.1) and II.4.2) gives

1og10?§(T) = M_ +att(n,M,T) +

e (mm_+efms( 4 e s 4 g (1) +
ce(m2, +Sms{1) 4 (B (msl2) (11.4.3)
where 81(7) = Bi(T)’ except for QS(T), with
25(T) = BS(T) + 88(T) , (11.4.4)

as in Section 1.8, Part I of this work. The regression analyses and all

subsequent plots can thus be reprated systematically, analogous to those
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TABLE II.4.1

FIGURE NUMBERS OF THE MAG-SITE-SOIL MODEL

Figure Description

Direct 1-step

Residue 2-step

Model Model
Scaling Functions I1.2.1 I1.4.1
Residues [1.2.2 IT1.4.2
Residue Statistics 11.2.3 11.4.3
Estimated FS I1.3.1-11.3.4 I1.4.4-11.4.7
Actual versus Estimated FS IT.3.5-11.3.13 I1.4.8-11.4.16
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TABLE II.4.2

ey(Mv + c{mysthy + {2
st + (2 )s?)
PERIOD, T(SEC)
040,065 .11 .19 .34
COEFFICIENTS:
¢1(T) -.230 -.200 -.015 .250 .544
CZ(])(T) .073 .08l .089 .039 -.077 -
cp(2)(T) 044 051 047 -.015 -.133 -
c3(T) .123 .062 -.076 -.232 -.351 -
C4(1)(T) -.129 -.107 -.083 -.048 .012
c4(2)(T) 032,021 .019 .038 .087
c5(T)-1.156-1.197-1.680-2.522-3.655-4.
C(T) -.027 -.031 -.046 -.065 -.086 -
c;{(1X(T) -.180 -.166 -.137 -.084 -.020
C7(2)(T) -.151 -.144 -.127 -.089 -.034
M .. -000 .000 .000 1.919 3.151 3.
M, 14.50014.50010.987 9.593 8.943 8.
RESIDUES :
p =.1 -.575 -.553 -.504 -.453 -.425 -
p =.2 -.366 -.349 -.317 -.289 -.278 -
p =.3 -.215 -.207 -.196 -.182 -.173 -
p =.4 -.094 -.089 -.085 -.083 -.082 -
p=.5 .018 .019 .012 .006 .004
p=.6 .137 .128 .109 .092 .086
p=.7 .238 .227 .205 .184 .172
p =.8 .370 .353 .323 .293 .277
p=.9 .540 .516 .474 .432 .407
RESIDUE STATISTICS:
u(T) .003 .002 .001 -.001 -.002 -
o(T) .446 .425 .386 .347 .326
X2(T) 7.685 7.786 7.356 6.705 6.332 6.
KS(T) .038 .041 .040 .037 .035

.727
.146 -
.209 -
.389 -
.064
.127

.100 -
.014
.002

424 -
.281 -
.172 -
.082 -
.004
.088
.172
.278
407

.002 -
.326

.035

1

)(T)S(Z)v + c5(T) +c

MAG-SITE-SOIL RESIDUES:2-STEP

.50

442 -5,

654 4,
679 8.

526 7.

(T)M<>+c

(
2

(s

M, o

2
(TIM

6

.90 1.60 2.80 4.40 7.50

.948
.179
.288
.378
.129
.176

446-

.115
.049
.050

139
506

viviS
.299
.181
.086
.004
.095
.183
.293
.425

.002
.342

451

.038

1.

8.

.042

.128 -
.337 -,
.303 -
.116
.211
.941-5
.121 -
.077
.081
.328 4,
.453 8

A4 -
.320 -
.194 -
.089 -
.003
.102
.200
.312
447

.002 -
.364

049

73110.

2)(T)S(2) +

MODEL

14.0

.992 758 .160 -.945
.051 .002 .042 .068
360 -.334 -.222 .010
217 -.174 -.169 -.193
.005 -.092 -.104 .068
.233  .217 .101 -.178
.740-4.879-2.839 733
.119 -.105 -.066 .012
.100 .103 .077 .011
.078 .046 -.005 -.058
152 3.598 1.212 .000
.340 8.346 8.77514.500
492 - .487 - 461 -.435
.328 -.314 -.280 -.250
.197 -.187 -.163 -.141
.086 -.079 -.068 -.057
.006 .011 .019 .027
.109 .108 .101 .092
.208 .201 .179 .158
.317  .303  .272  .243
450 433 400 .368
.002 -.001 -.000 -.000
.373 .363 .335 .308
13211.31012.54713.515
.046  .051 .059 .067
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in 1.8, for the MAG-SITE-SOIL model given here in Part II. Figures
IT.4.1 through II.4.16 represent an identical sequence of plots for the
residue 2-step model as the sequence for the direct 1-step model. Table
IT.4.1 shows the corresponding figure numbers in the two models.

Finally, Table II.4.2 presents the scaling functions, residues and
residue statistics at 12 discrete periods for the 2-step model as did
Table II.2.1 for the 1-step model.

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

in terms of M, R, H, S, s, SL and v.



111

PART III:  SCALING OF FOURIER SPECTRA IN TERMS OF M.M.I., h, S| and v

ITI.1 The Scaling Relation

Parts I and II of this work presented the empirical model for scaling
of the Fourier amplitude spectra of strong earthquake ground motion in
terms of earthquake magnitude, source-to-station "representative" dis-
tance, characterization of local geology and soil classification at the
recording site. Parts III and IV of this work will continue with the scaling
of Fourier amplitude spectra but in terms of Modified Mercalli Intensity
(M.M.I.) at the site and its Tocal geological and soil classification.

As pointed out in our previous analyses (Trifunac and Lee, 1985a),
the scaling of Fourier amplitude spectra, FS(T), in terms of earthquake
intensity at a site will 1ikely remain a common engineering practice
for years to come, in spite of all the shortcomings associated with such
qualitative and descriptive scaling of strong earthquake ground motion.
Our previous analysis used the following scaling relation for the data-

base of 438 records with 1314 components:

1090 [FS(T)] = by (T) Ty, + by(Th + by(Thv + by (T)
(ITI.1.7)

where ?MM is the estimated M,M.I leyel at the site, or the reported M,M.I.
level, if available. The new database has many records from the earth-
quakes after 1972, which have magnitudes typically below 6. The M.M.I.
levels for these earthquakes are not well documented or are not available
for many recording sites. For these sites, the M.M.I. Tevels have been
estimated. Lee and Trifunac (1985) used the original database of 57

earthquakes and 186 stations where the reported M.M.I. levels are
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documented and performed the regression analysis of M.M.I. levels, IMM’

with earthquake magnitudes, M, representative source-to-station distance,

A, and local site geology, in the form

IMM =1.5M- A - BanA - CA/T100 - Ds . (I11.1.2)

A A

The coefficients were estimated and are R = ~1,12, B = 0.856, C = 1.50

A

and B = 0.260. Then the estimated M.M.I. Tevel at a site, IMM’ is

given by

A

Ty = 1.5 M - A - Bgna - CA/100 - Ds . (111.1.3)

To include the local soil classification at each site in the

regression analysis, equation (III.1.1) is modified to:

N

T0g oFS(T) = by (T) Iy + by(TIh + ba(T)v + b, (T)hv
#og(1) + 6l s+ p{B)m)s(2) (111.1.4)

With SE]) and SEZ) representing the indicator variables for soil classi-
fication as before. Also, the terms b2(T)h + b4(T)hv are used so that
the coefficients characterizing the effects of alluvial depth are
component dependent. In the above equation, the M.M.I. Tevel ?MM is

used as a quantitative variable. The fact that M.M.I. Tevels are
discrete, and take on values of positive integers 1 through 12, indicates
that ?MM should be replaced by indicator variables, one at each level.
This would be consistent with the use of indicator variables for the

local geologic site conditions and for the soil classification. However,

the number of data points at each M.M.I. level is very nonuniform and is

small or zero for higher M.M.I. levels. The use of indicator variables
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for M.M.I. Tevels with the existing database would only result in a
poor fit. So, for the time being the M.M.I. levels IMM’ will be
considered as a quantitative variable.

The scaling functions b](T) through bS(T), bé])(T) and béz)(T) have

been determined through the regression analysis of the new database of
1482 components of spectral amplitudes, FS(T), at 91 discrete periods T
ranging from 0.04 sec. to 15 sec. As in all previous analyses, the data
are first screened to minimize possible bias in the model. The only
difference now is that an additional category, namely, the Tocal classi-

fication, is included in this selection. The coefficients, at each

period T, resulting from linear regression are denoted by b](T), b2(T),

~

b3(T), 84(T), E (T), 6(]), and 8(2)(T) respectively,

5 6 6
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II1.2 Results of the Regression Analysis

~

Figure III1.2.1 shows the smooth coefficients B](T), bZ(T)’ B T),

~ A /\('l A~ 3(
b,(T), b.(T), b} )(T) and b(z)(T) (solid Tines) and the corresponding
4 5 6 6

estimates of their 80%, 90% and 95% confidence intervals, represented
by the dashed lines, Substituting these coefficients into equation

(ITI.1.4) gives:

o O PO L e

where 1og]0ﬁ§(T) represents the estimate of the Togarithm of the Fourier
amplitude spectrum at period T for this MMI-DEPTH-SOIL model. We recall

equation (I.4.2) in Part I of this work:

T0g, FS(T) = M_ + tt(a,M,T)

~

+ by (T)M_, + by(T)h + by(T)v + by (T)hv
+ b (1) + b (T, + 641 (ms{1) + {2 (m)s(2)

(I1I.2.2)

for the MAG-DEPTH-SOIL model, and note the resemblance in shape of the
functionsg1(T) for both equations. The same holds true for the scaling
functions BZ(T) for h, 83(T) for v and 64(T) for hv in both equations.
This is also in agreement with our previous analyses (Trifunac and Lee,
1985a,b), even though equation (III.2.1) has simpler form compared to
equation (II1.2.2),

With FS(T) being the Fourier amplitude spectrum calculated from the
recorded accelerograms, the residuals, (T), are calculated as in Parts I

and II of this work, from
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e(T) = 10g1oFS(T) - Tog, FS(T) . (I11.2.3)

As in the previous parts of this work, it is assumed here that the
residuals, e(T), can again be described by a normal distribution function
with mean u(T) and standard deviation o(T). The probability p(e,T) at
period T that

10g10FS(T) - 1og]0FS(T).s e(T) (I11.2.4)

is thus given by (equation (I.5.2) of Part I):

p(e,T) = —-l——-fe(T)exp[-%gfé%églozjdx . (111.2.5)
o(TWor =

For a given residue, (T), at a particular period T, the actual proba-
bility p*(e,T), that e(T) will not be exceeded, and the corresponding
estimated probability B(e,T), the Kolmogovor-Smirnov, KS(T), and the
chi-square, XZ(T) tests of fit are again all computed as in Part I of
this report, where a complete description of the steps and formulae
involved are also described.

Figure II1.2.2 shows the plot of the residue lTevels corresponding
to p*(e,T) = 0.1 through 0.9 for 1ogTOFS(T). As in Parts I and II of
this report, the nine sets of curves, plotted versus period T, from the
bottom to the top of the plot correspond to the residue levels at each
of the nine probabilities (0.1 through 0.9). At each of the nine
probabilities, the rough solid curve represents the actual calculated
residues at that particular level. The smoothed solid curve is obtained
by smoothing the rough solid curve along the T-axis in logarithmic scale.
The corresponding dashed curve is the estimated residue e(T) at the par-

ticular probability level using equation (III.2.5)
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It is of interest to compare this figure with the corresponding
figure of the same MMI-DEPTH-SOIL model in the previous analyses
(Figure I1I.2.2 of Trifunac and Lee, 1985a). The surface p*(e,T) that
resulted from the new MMI-DEPTH-SOIL model in the present analysis is
sTightly narrower in the e-range when compared with the previous model.
It is also of interest to compare this figure with the corresponding
one in Part I of this work (Figure 1.5.2) for the MAG-DEPTH-SOIL model,
dealing wifh the scaling of FS(T) in terms of earthquake magnitude M
and representative source to station distance A.

Note that the surfaces p*(e,T) defined by the nine smooth curves
represent the spread of the observed data about the models gijven here
(equation (III.1.4)) and in Part I (equation (I.4.2)). The comparison
shows that the MAG-DEPTH-SOIL model has a narrower spread, but that the
uncertainties associated with the prediction of FS(T) using the
MMI-DEPTH-SOIL model are certainly not much worse than those of the
MAG-DEPTH-SOIL model of Part I.

Figure III1.2.3 shows the statistical parameters used in the descrip-
tion of the residues: the mean, ﬁ(T), standard deviation, S(T) the
computed chi-square, XZ(T) and Komolgorov-Smirnov, KS(T), statistics
and their 95% confidence levels, as described in Part I of this work
(Section I.5). Both the XZ and K-S tests fail to reject the hypothesis
that the distribution is normal in the whole period range (0.04 sec. to
15 sec.)

Table III.2.1 gives, for 12 periods between T = 0.04 and 14 sec.

the amplitudes of the seven smoothed regression coefficients, b. (T) through

1

béz)(T), the nine smoothed residual levels corresponding to p*(e,T) = 0.1

through 0.9, the smoothed coefficients u(T), o(T), XZ(T) and KS(T).
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TABLE III.2.1

+ by (Thh + b (T)v + b,y (Thhv + b (T)

MMI-DEPTH-SOIL DIRECT:1-STEP

.90 1.60 2.80 4.40 7.50

by (T) Ty
b (s 4 5{8)(1)s(2)
A1 .19 .34 .50
.328 .306 .291 .288 .302
.040 .037 .036 .038 .049
.019 -.161 -.263 -.264 -.186 -
.006 -.022 -.039 -.049 -.057 -
833-1.229 -.974-1.005-1.216-1
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.353 -.277 -.167 -.112 -.078 -
.623 -.538 -.480 -.473 -.493 -
380 -.322 -.290 -.289 -.305 -
.218 -.180 -.162 -.167 -.183 -
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.033  .032 .026 .022 .022
146,129 112 .108  .112
.260 .226 .202 .199 .206
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ITI.3 Examples of Estimated Fourier Spectra

Figure III.3.1 presents examples of the Fourier amplitude spectra,
FS(T), computed from equation (III.2.1) for p(e,T) = 0.5 for M.M.I.

levels IV, VI, VIII, X and XII and for soil type s, = 1. The left

L
figure is for horizontal motion (v = 0) while the right one is for
vertical motion (v = 1). The solid Tines in both figures correspond to
the local depth of sediments h = 0 km, while the dashed Tines correspond
to h =4 km. The diagonal dashed 1ines at the bottom of each figure
represent the average Fourier amplitudes of the digitization noise.

The plot of each spectrUm is presented only for the portion of the
periods where the estimated spectral amplitudes are not distorted by the
digitization noise. As in the corresponding plots for the MAG-DEPTH-SOIL
model in Part I (Figure I.6.1), the effect of Tocal geologic conditions
(alluvium depth), is significant not just in the intermediate and Tong
period ranges, but also in the short period range.

Figure III.3.2 presents another set of estimated FS(T) spectra to
illustrate the effect of local soil conditions on FS(T). These are
computed from equation (III.2.1) for p(e,T) = 0.5 for M.M.I. levels
Iv, VI, VIII, X and XII, and for alluvium depth of h = 2 km. The left
figure is for horizontal motion (v = 0) and the right one is for vertical
motion (v = 1). The solid lines in both figures correspond to the Tlocal
= 0 (rock), while the dashed 1ine is for S

soil group S = 2 (deep soil).

L L

It is observed that in the whole period range, the Fourier amplitudes
FS(T) at rock sites (3L= 0) are higher than those at deep soil, though
the difference becomes less significant beyond the 1 sec. period.

EFarlier in both the MAG-DEPTH-SOIL and MAG-SITE-SOIL models of Parts I
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and II this trend is observed only for periods up to ~ .35, beyond
which the trend is reversed, though again the difference is less signi-
ficant for long periods (Figures I.6.2 of Part I, Figures I1I.3.2 of
Part II). The difference Ties in the behavior of the scaling function
for S{Z) (deep soil) in both models. 1In the present model, the scaling
function for SEZ) (Figure III.2.1) starts out around -0.4 for short
periods and gradually increases to and stays constant at ~ -0.1 in the
middle period range. The scaling function for SEZ) in the MAG-DEPTH-
SOIL model of Part I, starts out around -0.25 for short periods, grad-
ually increases, crosses the zero axis around T = 0.35 sec. and stays
positive (around 0.15) in the middle period range.

Figures II1.3.3 and III.3.4 (as did Figure I1.6.3 and 1.6.4 of
Part 1) compare the characteristics of the effects of the local geologic
and soil classifications on FS(T) amplitudes. The same type of trends
can be observed as in the MAG-DEPTH-SOIL model of Part I.

Figures III.3.5 through III.3.13 present the same nine examples
(as in the previous parts) of how horizontal and vertical Fourier
amplitudes computed from equation (III.2.1) compare with the corre-
sponding spectra of recorded strong-motion data at various sites.
Refer to Table I.7.1 for the various combinations of alluvium depths
and soil classifications at each site. As in the previous models in
Parts I and II, the agreement between the actual and estimated spectra

is good.
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IIT.4 The Residue Two-Step Model

Analogous to the previous parts of this work, a residue 2-step
procedure for the MMI-DEPTH-SOIL model will next be presented. The first
step of this procedure is to scale the Fourier spectra in terms of M.M.I.,

depth and component direction, but without soil classification:

~

1OQ]QE\S’(T) = b (M Iyy + BZ(T)h + b (Thv + by (T)hv + BS(T)

1 MM 3

(I11.4.7)

The residues, e(T) = 1og10FS(T) - 1og]OFS(T), at each site where soil

classification is available are next fitted by the equation

e(T) = bé1)(T)Sf]) + béz)(T)sz) + by (T) . (111.4.2)

Combining equations (III.4.1) and (III.4.2) gives

N

(T)L. + QZ(T)h + ey (T)v + 24(T)hv

log1OFS(T) =c MM

1

+eg(T) + éé])(T)s(]) ¢ o2 (mys(?) (111.4.3)

T , (I111.4.4)

as in Section 1.8, Part I, of this work. The regression analyses and
the subsequent plots can now be repeated for the MMI-DEPTH-SOIL model
given in this Part III of this work. Figures III.4.1 through IIT.4.16
represent the figures for the residue 2-step model and correspond to
those for the direct 1-step model. Table III.4.1 shows the correspon-

ding figure numbers.
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TABLE III.4.1
FIGURE NUMBERS OF THE MMI-DEPTH-SOIL MODEL

Figure Description Direct 1-step Residue 2-step
Model Model
Scaling Functions I11.2.1 I1T.4.1
Residue Levels I11.2.2 I11.4.2
Residue Statistics I11.2.3 I11.4.3
Estimated FS I11.3.1-111.3.4 I11.4.4-111.4.7
Actual versus IT1.3.5-111.3.13 I11.4.8-111.4.16

Estimated FS
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TABLE III.4.2

10g; oFS(T) = ¢ (T)Iy, + ¢, T)hv +

Z(T)h + c3(T)v +C

2l

s {0 e

MMI-DEPTH-SOIL RESIDUES:2-STEP MODEL
PERIOD, T(SEC)
.040 .065 .11 .19 .34 .50 .90 1.60 2.80 4.40 7.50 14.0
COEFFICIENTS:
c1(T) 219,221 .251 .296 .335 .344 338 317 .287 .247 .171 .049
c2(T) -.048 -.040 -.018 .018 .062 .085 .104 .111 .111 .100 .064 -.013
CS(T) .017 -.029 -.138 -.235 -.262 -.238 -.170 -.114 -.095 -.102 -.118 -.131
c4(T) .052 .048 .032 -.002 -.045 -.063 -.063 -.045 -.036 -.034 -.022 .0l4
c5(T)-2.001-1.725-1.371-1.216-1.333-1.449-1.520-1.460-1.304-1.068 -.621 .082
c6(])(T) -.297 -.263 -.195 -.132 -.107 -.107 -.089 -.031 .023 .031 -.006 -.081
c6(2)(T) -.007 -.039 -.097 -.147 -.178 -.193 -.198 -.157 -.086 -.046 -.059 -.156
RESIDUES:
=.1 -.745 -.698 -.607 -.516 -.470 -.472 -.497 -.506 -.486 -.459 -.431 -.404
=.2 -.457 -.429 -.369 -.311 -.290 -.299 -.318 -.317 -.295 -.281 -.276 -.274
-.268 -.250 -.213 -.179 -.169 -.176 -.188 -.183 -.165 -.154 -.153 -.155
-.105 -.097 -.081 -.068 -.067 -.072 -.078 -.071 -.058 -.054 -.060 -.067
044042 .037 .029 .019 .015 .016 .027 .035 .032 .017 .003
.170  .161 .144 121 .103 .101 .111 .126 .128 .116 .093 .074
.297 .282 .250 .214 .192 .191 .204 .214 .208 .194 .176 .162
460,432 377 .322 .296 .299 .313 .312 .293 .277 .266 .257
=.9 .653 .612 .533 461 .435 445 466 .456 .419 .393 .381 .373
RESIDUE STATISTICS:
u(T) .005 .005 .007 .007 .005 .003 .003 .006 .008 .007 .000 -.005
o(T) .548 .514 .445 379 .350 .356 .376 .376 .353 .332 .319 .307
XZ(T)11.04910.325 9.130 7.849 6.947 6.891 8.18711.11413.59113.42210.632 7.661
RS(T) .046 .046 .046 .045 .040 .037 .038 .047 .055 .055 .048 .041

R - - B - B - B - B« B e B o
I
©® N o U Ww
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Table III.4.2 presents the scaling functions, residue levels and
the residue statistics at 12 discrete periods for the 2-step model.
It corresponds to the Table III.2.1 for the 1-step model.

This completes the presentation of Part III of the scaling of

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

IV.1 The Scaling Relation

Part IV of this report continues the description of the empirical
scaling of Fourier amplitude spectra of strong ground motion in terms
of Modified Mercalli Intensity (M.M.I.) at the site, and the local
geological and soil classifications. As in Part II of this report, in
this part we replace the depth of sedimentary deposits, h, by the
corresponding local geological site parameter s (s = 0, 1 or 2).
Treating the site parameter as an indicator variable, as in Part II,

the scaling relation now takes the form

Togy oFS(T) = b](T)fMM»+ bg])(T)S(]) + béz)s(z) + by (T)v

¥ bgl)(T)S(])v . béz)(T)S(z)v + b, (T)
¥ bé1)(T)SE]) ¥ béz)(T)SEZ) : (1v.1.1)

with all the parameters defined as before. béi)(T) and béi)(T), for
i =1 and 2, are now the scaling functions associated with the site
parameters S(i) and S(i)v respectively.

As in all previous models in this work, the scaling functions b](T)
through béz)(T) are determined from the regression analysis of the new
database of 1482 components of spectral amplitudes, FS(T) at 91 discrete
periods T ranging from 0.04 sec. to 15 sec. the data are first screened
and selected as before to reduce the possible bias in the model. All

procedures in data preparation, selection and the steps of regression

analysis employed here are identical to those in Part III of this work.
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The resulting scaling functions at each period T will be denoted by
g](T) through B6(T)’ respectively.

Much of the presentation in the following will be very similar to
the corresponding sections in Part III of this work. The reader can
simply refer to the corresponding sections of Part III for a more

detailed description. Substituting the fitted scaling functions in

equation (IV.1.1) gives FS(T), the estimated spectral amplitudes, where

N

Tog; oFS(T) = by (M), + b{1 (s + Béz)ms(z) + by (T)y
+ {1 msy 4 512 ms@y 4 B
+ MM 4 5@ (1ys(2) (1V.1.2)

The residues €(T) = 1og]O(FS(T)) - 1og10(FS(T)) describing the
distribution of the recorded FS(T) about the estimated FS(T) are next
calculated. We assume again that e(T) is described by a normal distri-

butjon function with mean, u(T), and standard deviation, o(T).
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IV.2 The Regression Coefficients

Figure IV.2.1 shows the smoothed coefficients 6](T) through Béz)(T)
(solid 1ines) together with the estimates of their 80%, 90% and 95%
confidence intervals (dashed 1ines). Comparison of this figure with
the corresponding Figure III1.2.1 of the MMI-DEPTH-SOIL model, in PartIII,
shows that the functions B](T), 33(T), 85(T), Bé1)(T) and Béz)(T) in
both figures are similar. These functions correspond to the same scaling
parameters: IMM’ v, 1, SE]) and SEZ), and their similarity again demon-
strates the stability and consistency of the two regression models.

Figure IV.2.2 shows the plot of the residuals corresponding to
p*(e,T) = 0.1 through 0.9 for 10910FS(T). Refer to the same Figure
IIT.2.2 in Part III of this work for a description of these curves. The
resemblance of these two figures (Figures IV.2.2 and II1.2.2) again
demonstrates that the uncertainties associated with the characterization
of Tocal site geology in terms of site conditions (s = 0, 1 or 2) are
not much greater than those associated with characterization in terms of
the alluvium depth.

Figure IV.2.3 shows the plot of the statistical parameters employed
in the description of the residues, namely, ﬂ(T), g(T), XZ(T) and KS(T).
Both the chi-squared and the Kolmogorov-Smirnov tests again fail to
reject the hypothesis that the distribution is normal, at the 95%
level of confidence, Table IV.2.1 gives, for 12 periods between
T = 0.4 sec. and 14 sec., the nine coefficients B](T) through Béz)(T),
the nine residue levels corresponding to p*(e,T) = 0.1 through 0.9,

2(

and the smooth coefficients u(T), S(T); x°(T) and KS(T).
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FS RESIDUES STAT MMI-SITE-SOIL DIRECT:{-STEP MODEL
0.020 |-

0.010 |-

[ B N ! [ A | 1 I |

1¢" 1 10

s o(T)

.20 —=__ 1 1+ | vyl | [ BRI | i b1 b

16 |- 10
2
{4 = e e .).(_(.9._5_%.) _________

1e |~

0.060 |- KS(95%)

0.050 —

0.040 /__.___—//
\

0.030 [~

v ol L ot 1ol ! I R |

16 1 10

Figure IV.2.3
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TABLE IV.2.1

215 4 (1) +

10g1OFS(T) = b1(T)IMM + bé

3

oy sy 4 o {2 mys(By 4 b (1) 4 b (mys(T) {2 (1)s{?)

MMI-SITE-SOIL DIREGCT:1-STEP MODEL
PERIOD, T(SEC)

040 .065 .11 .19 .34 .50 .90 1.60 2.80 4.40 7.50 14.0

COEFFICIENTS :

b)(T) .378 .356 .333 .312 .295 .292 .305 .330 .336 .306 .215 .046
b,(1)(T) .048 .055 .064 .059 .018 -.021 -.059 -.035 .033 .085 .122 134
b,(2)(T) .239 .195 .105 -.004 -.089 -.111 -.111 -.126 -.182 -.220 -.180 009

b,(T) 169 .116 -.027 -.217 -.375 -.416 -.380 -.299 -.240 -.204 -.162 -.135
b, (1XT) .015 .019 .021 .027 .059 .104 .177 .180 .076 -.032 -.090 -.016
b, (2)(T) -.029 -.041 -.027 .022 .098 .146 .203 .258 .300 .269 .080 -.352

bg(T)-3.110-2.661-1.923-1.263 -.950 -.952-1.145-1.379-1.441-1.255 -.750 .090
bg(1NT) -.352 -.323 -.265 -.185 -.097 -.037 .065 .150 .159 .100 -.000 -.101
b6(2)(T) -.139 -.159 -.187 -.177 -.124 -.083 -.019 .045 .078 .056 -.032 -.182

RESIDUES :

=.1 -.742 -.701 -.624 -.536 -.476 -.468 -.491 -.517 -.510 -.479 -.430 - 384
=.2 -.462 -.434 -.380 -.323 -.294 -.295 -.311 -.312 -.294 -.278 -.268 -.258
-.269 -.253 -.221 -.185 -.165 -.165 -.177 -.182 -.174 -.165 -.157 -.150
-.100 -.095 -.086 -.073 -.064 -.063 -.067 -.069 -.067 -.067 -.072 -.076
.031 .031 .032 .031 .025 .023 .023 .028 .028 .02l .006 -.007
164 157 146 .130 .114 .109 .114 .122 .120 .107 .083 .063
305 .289 .261 .230 .207 .203 .211 .217 .208 .189 .162 .138
459 435 391 .341 .306 .299 .307 .316 .308 .289 .262 .236
=.9 .670 .636 .573 .498 442 429 442 461 .456 .433 .397 362
RESIDUE STATISTICS:
u(T) .005 .006 .009 .011 .010 .007 .005 .006 .007 .004 -.003 -.008
o(T) .548 .520 .467 .405 .359 .351 .366 .381 .373 .351 .319 .290
x%(1)10.121 9.673 9.406 9.89910.81611.10710.90110.70810.599 9.763 7.640 5.615
KS(T) .036 .036 .035 .035 .036 .036 .037 .037 .038 .039 .041 .042

== L = e B o B« B L s I o
I
© N o P W
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IV.3 The Estimated Fourier Spectra

Figure IV.3.1 presents examples of Fourier amplitude spectra,
FS(T), computed from equation (IV.1.2) for p(e,T) = 0.5, for M.M.I.
levels IV, VI, VIII, X and XII and for soil classification S, = 1
(stiff soil). The left figure is for horizontal (v = 0) and the right
figure for vertical (v = 1) motion. The solid Tines in both graphs
correspond to the Tocal geological site condition of s = 2 (rock) while
the dashed lines correspond to s = 0 (allivium). The diagonal dashed
lines again represent the empirical average Fourier amplitudes of digi-
tization noise. Comparison of this figure with the corresponding Figure
IT11.3.1 of Part III for the MMI-DEPTH-SOIL model again shows detailed
resemblance, and hence similar conclusions can be drawn, One difference,
however, should be pointed out. At Tow periods, up to .1 sec., the
FS(T) amplitudes at rock sites are slightly higher than those on alluvium.
This is due to the fact that at Tow periods (< .1 sec.), SEZ) (sL = 2)
is slightly positive, though ~ 0.

Figure IV.3.2 presents another set of estimated FS spectra to

illustrate the effect of local soil conditions on the FS(T) amplitudes.

The FS(T) have been computed for various M.M.I. levels (IV, VI, VIII,

1]

X and XII) and for the local geological site condition s = 0 (alluvium).

0) and the

1]

Again, the left part of this figure is for horizontal (v
right one for vertical (v = 1) motions. The solid Tines in both figures
correspond to the local soil classification S| = 0 (rock) and the dashed
lines to S = 2 (deep soil). As in Figure III.3.2 of the MMI-DEPTH-SOIL

model in Part III, the FS(T) amplitudes at rock (s, = 0) are higher than

L
those at deep soil (SL = 2). This trend is observed here up to about

1 sec. period, beyond which the trend is reversed.
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Figures IV.3.3 and IV.3.4 (as Figure II1.3.3 and III.3.4 of Part III)
compare the effects of local geologic site conditions (s) and of local
soil classifications (SL) on FS(T). Figure IV.3.3 shows that for all
soil site classifications (sL =0, 1 or 2), the Fourier amplitudes, FS(T)
are higher at alluvium sites (s = 0) than at . rock sites (s = 2) for
periods Tonger than about 0.1 sec. Figure IV.3.4 shows that the FS(T)
amplitudes at Tocal soil classification SL = 0 are higher than those at
stiff soil (sL = 1), or deep soil (sL = 2), for periods up to about
0.5 sec. Between about 0.5 sec. to approximately 8 sec., this trend is
reversed.

Figures IV.3.5 through IV.3.13 present the nine examples of how
the horizontal and vertical Fourier spectrum amplitudes computed from
equation (IV.1.2) compare with the actual Fourier spectra for the corre-
sponding components of recorded strong motion data at various sites
(refer to Table II.3.1 of Part II for the description of the local
geologic and soil conditions at each site). As in all three previous

models of Parts I, II and III, the agreement is good.
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IV.4 The Residue Two-Step Model

As in all the previous parts of this work, a residue 2-step procedure
for the MMI-SITE-SOIL model will next be presented. The first step of
this procedure is to scale Fourier spectra in terms of MMI, Tocal geologic
site conditions and component directions, but without considering the

soil classification,

10g7FS(T) = by (1), + 51 (1)st1) 4 6§20 (1)s(2) 4 b (1)
+ o msty + 5{2) sy 4 b (1) (1v.4.1)

The residues, (T) = 1og]0FS(T) - 1og]0ﬁ§(T), at each site where the local

soil classification is available are next fitted by the equation

e(m = b msi 4 6D v b om0 (va2)

Combining equations (IV.4.1) and (IV.4.2) gives

1og10ﬁ§(T) = e (M + D mys) 4 Eéz

w * S5 Jm)st2) 4 e (T

+eDmsit v l2mys2) (1v.4.3)
where gi(T) = Bi(T), except for SS(T), with
T (1V.4.4)

as in Section III.4 of Part III of this work. The regression analyses
and the subsequent plots can now be repeated for the present MMI-SITE-
SOIL model. Table IV.4.1 shows these and the figure numbers corresponding

to the direct 1-step model.



179

TABLE IV.4.1
FIGURE NUMBERS OF THE MMI-SITE-SOIL MODEL

Figure Description Direct 1-step Residue 2-step
Model Model
Scaling Functions Iv.2.1 IV.4.1
Residue Levels Iv.2.2 Iv.4.2
Residue Statistics Iv.2.3 Iv.4.3
Estimated FS IV.3.1-1v.3.4 IV.4.4-1V.4.7
Estimated versus IV.3.5-1V.3.13 IV.4.8-1vV.4.16

Actual FS
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