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ABSTRACT

This paper describes several empirical models of the duration of strong ground motion. We

use the definition of druation of a function of motion f(¢),where f(z) is acceleration,velocity or
(4

displacement,as the sum of time intervals during which the integral J S*(z)dr gains a significant
0

portion of its final value. All the records were band - pass filtered through 12 narrow filters and
the duration of the strong ground motion was studied separately in these frequency bands. In addi-
tion to the “traditional ”parameters,such as the earthquake magnitude and the epicentral distance,
three other parameters, which describe the geometry of the sedimentary basins surrounding the
recording stations,are considered. It is shown how the presence of sediments prolongs the dura-
tion at some frequencies. This prolongation can be approximated by a coupled quadratic function
of the depth and the width of the sedimentary valley,and by a linear function of the angle,subten-
ded at the station by the rocks, which reflect seismic waves towards the station. The maximum
prolongation occurs for moderate depths (2+3km)and widths (30 +50km)of the sediments. The
additional duration can be as much as 67 sec at frequencies near 1Hz. Studies of the length and
of the number of the strong motion intervals,contributing to the overall duration of strong mo-
tion,show that this additional duration may be interpreted to result from multiple reflection of

waves from the bottom and from the edges of the sedimentary valleys.

INTRODUCTION

Duration of strong ground motion characterizes the rate of the energy input to a structure and
must be considered,especially for the analysis of a nonlinear response. Duration of strong motion
also plays a significant role in the response of soils to an earthquake excitation in determination

whether the liquefaction or permanent soil displacement are possible. Thus, understanding the
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causes for the prolongation of duration of shaking at some sites is important for successful and re-
alistic analyses of the response of soils and structures.

In this paper, we review several empirical regression equations of the duration of strong
earthquake ground motion in terms of the earthquake magnitude, M, the epicentral distance, A.
and the region specific propagation parameters. We study the duration of strong ground motion in
12 frequency bands,here called channels,with central frequencies ranging from f,=0. 075Hz to f,
=21Hz. Band - pass filtering is applied to 486 vertical and 984 horizontal components of accelera-
tion, velocity and displacement, generated by 106 earthquakes and recorded at 267 sites in the
Western U.S. (Lee and Trifunac,1987). The distribution of good quality 3 - component records in
this database with respect to earthquake magnitude and epicentral distance is shown is figurel. At
each channel,only carefully selected data,which have high signal to noise ratio.were used in the
analysis (figure 2),and the durations of acceleration,velocity and displacement were considered as
one homogeneous data set (Novikova and Trifunac,1993a).

In each frequency band,we define the strong motion parts of a function f(¢) as those time in-
tervals during which the integralJ‘ Sf*(r)dr has the steepest slope and gains 90% of its final value
0

(figure 3). The sum of those time intervals is called the “observed "duration of strong motion.
Other physically related definitions of duration (McCann and Shah, 1979; Vanmarcke and Lai.
1980) do not allow for the strong motion part to consist fo several portions or do not give the spe-
cific position of the strong motion portion in the record. The important feature of the definition we
use is that it is of the “relative”type,i. e. it does not include information about the absolute level
of acceleration.while the “absolute "definitions,like the one of Page et al. (1972)do carry this in-
formation. The knowledge of the frequency dependent duration in this “relative ”sense combined
with the information about the Fourier spectral amplitudes (Trifunac,1989a,b.c;1991)at all fre-
quencies provides a fairly complete description of the strong motion.

Several empirical models which scale the duration in terms of the magnitude.the epicentral
distance and other parameters are available in the literature (Trifunac and Brady,1975; Trifunac
and Westermo.1977;1982; Westermo and Trifunac,1978;1979;Novikova and Trifunac.1993a,b,
¢). In this paper,we consider new,more detailed models which use a new characterization of the
recording site conditions. The purpose of this study is also to improve our understanding of the

nature of the wave propagation in the highly inhomogeneous media of the upper crust.

PARAMETERS,INVOLVED IN THE REGRESSION MODELS

We consider the duration of strong ground motion as the sum of three terms:
dur = 1, + Ty + Trgion (1)
where dur is the total duration of acceleration .velocity or displacement .z, stands for the duration
of the rupture process at the source.r, represents the increase in duration due to propagation ef-
fects and 7,0, describes the prolongation effects caused by the geometry of the regional geologic

features. We model the dependence of 7, on magnitude M by a quadratic function of M: 7o~ a, +
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a, *M +a; « M* ,where a;({ = 1 + 3) are unknown coefficients. We prefer this quadratic expression
over more “natural” exponential function because of two reasons (Novikova and Trifunac,
1993a). First.exponential dependence of the rupture time on frequency holds only for relatively
high frequencies,since any source can be represented as a point (delta - function in space and
time )when observed through long - wave — length window. At these low frequencies,the rupture
time cannot be observed (at least using the “relative”type of the definition of duration).and,
thus,should not depend on M at all. Second .exponential dependence of r, on M results in nonlin-
ear regression analysis,which.generally.is not stable,especially for small number of data points.
The second term in eq. (1) .7s,is modeled by a linear function of the epicentral distance r,(f)=aq,
(f) * A.because this form is consistent with the data (Novikova and Trifunac.19932) and agrees
with the interpretation that the duration of strong motion increases with the distance traveled due
to dispersion of the strong motion waves. Multiple window Fourier analysis shows that even for
small epicentral distances the prime carrier of the strong motion energy are surface waves (Tri-
funac,1971a).

The sum r,+r, represents duration observed at the sites located on basement rock and is
called here “basic duration. "It serves as a basis for developing more “complete "models accounting
for prolongation of duration at the sites located on sediments. In this paper.we consider the influ-
ence of the geometry of the sedimentary basin by assuming a special form of the term ... in eq.
(L.

Deviations from a uniform horizontally layered curst model occur everywhere along the path
of the waves propagating from the fault to the recording site. For the San Fernando.1971,Califor-
nia .earthquake ,which generated large percentage of the accelerograms in our database.substan-
tial deviations from a multilayered model dominate in the whole region shaken by this event.
These deviations occur due to the topography of the basement rock,so that the several upper kilo-
meters of the earth's crust can be viewed as a collection of sedimentary basins separated by irregu-
larly shaped basement rock barriers. These“barriers”can be recognized on the surface as moun-
tains ,coupling geological and topographical irregularities (figure 4). The influence of such struc-
tures on the propagating waves can be understood by studying idealized sedimentary basins (Tri-
funac,1971b;1973; Wong and Trifunac;1974a,b;Todorovska and Lee,1990;1991a.b),by gener-
alization of the solutions to arbitrary shaped layers (Moeen — Vaziri and Trifunac,1988a.b).and
by interpretation of recorded data and numerical modeling of the wave propagation (Vidale and
Helmberger,1988). - A

The ability of the basement rocks surrounding a sedimentary valley,to reflect waves back in-
t» the valley,and the conversion of incident body waves into “surface”waves at the boundaries of
a sedimentary basin,leads us to assume that some parameters describing the characteristic hori-
zontal dimension of these sedimentary basins should play a role in the description of the duration
of strong ground motion. We will explore the resulting prolongation of the duration at the stations
which are situated on sedimentary deposits by considering two parameters. One of those is the
horizontai distance R(figures 5—7)from the station to the nearest basement rock appearing on the

surface and producing reflections. We choose the second parameter.p,to describe the “efficiency”
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of these reflections (figures 5—6). The angle with which the reflecting surface of the rocks can be
seen from the station is one such measure of the “efficiency”of the secondary (reflected) waves.

Only a part of the boundary between the rock and the sediments which receives direct waves
from the source will be capable of generating reflected waves and will be considered in the deter-
mination of R and @ (figure 5). Thus there are several “distances”from the rock to the station to
be considered. For example :the shortest distance,the distance to the middle of the reflecting sur-
face and so on. Our“R”was chosen to be such a distance from the rock to the station ,which gives
the shortest possible path source —rock —station.

The station may be surrounded by several rocks (or clusters of rocks),capable of producing
reflections. We consider the hypothetical geometry,shown in figure 5. Two “rocks”are located in
the vicinity of the source and the station. The direct waves from the source can be reflected in the

direction of the station,causing prolongation of the duration of the strong ground motion there.

. . . th . . th
We designate the distance from the source to the ; — rock as r,;,and the distance from the ; —rock

to the station as R;. The angles,subtended at the recording station by the surfaces of the t—hroqk )
we designate as ¢; We wish to combine the individual parameters R; and ¢; into some “overall”R
and ¢ ,which would characterize all the rocks as a group.

First,we consider the "energy equation, "which would relate the energy of the waves reflect-

ed by individual rocks towards the station. Taking the density of the energy emitted by the source

. . . . th
in frequency f as 1,we have for the density of the energy,arriving to the ; — rock

L exp(Z 2T 2”’fr")
AP T

where Q designates the quality factor,n=1 (for surface waves) or n=2(for body waves),and v

stands for the velocity of the waves. The energy reflected from the 7 th rock in the direction of the

station is assumed to be proportional to the length of the reflecting surface of this rock,R,@, The

. . . . th . .
energy ,which comes to the station after being reflected by the ; — rock is then proportional to

1 — 21 fR; — o2nfr,
R?exp( o YRp» = '_ xp(—=—— o )

The “overall”’R and ¢ should represent some “fictitious”rock which alone can reproduce the same
effect as the combination of several rocks we are considering. The energy reflected by this “ficti-
tious” rock alone should be the same as all the energy reflected by the group of individual rocks:

2/ R. - Z‘e p{— X8

SR+ ) Rop

} @

(R+r)}

exp{— Q,U

The above “energy equation , "however .is too complex to be considered in the present exploratory
analysis. It has many parameters and accounts for effects which may be overshadowed by other
unknowns. Thus,we will disregard the geometrical spreading,because the size of the source and
the length of the reflecting surfaces of the rocks can be assumed to be large compared with the
epicentral distance and with the distances R, and r,. We will also disregard the attenuation factor.

Q. We.recognize ,however ,that the attenuation of the secondary pulses (reflected from the rocks)
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may play a significant role in the formation of the strong motion parts of the record. We will ac-
count for the attenuation later,by assuming a special shape of the functional dependence of the
duration of the strong ground motion on R. Without geometrical spreading and without attenua-

tion,the “energy equation”(2)simplifies to
g

Rp= ZR,-q:,- (3)

which states that the reflecting surface of the “fictitious”rock should be equal to the sum of the
reflecting surfaces of the individual rocks.

We next consider the “delay equation. "The pulse,reflected by a rock in the direction of the
station,spends more time in the medium (than the direct pulse),when it travels the distance R, +
r.»and arrives at the station later. The “fictitious”rock has to be positioned at such a distance R
from the station,that the delay of the pulses.coming from it ,represents some “proper”combina-
tion of the delays of pulses,coming from the individual rocks. The time,when the pulse from the
“fictitious "rock should be expected at the recording station, (R+r)/v,can be approximated as a
weighted sum of the times of the arrivals of the individual pulses, (R;+7.) /v. The weight of each
individual pulse can be assumed to be proportional to the portion of energy it delivers to the sta-

tion when compared to the total energy brought to this station by all the reflected pulses:

_ —oxf . R,
R+r R+r. Pl Rtmdl g
v =E( v Zﬂf R?j} €Y
' 2, (exp (g~ R+ )}«

After disregarding the geometrical spreading and attenuation,the “delay equation”(4)simplifies to
R+r__2Ri+ri R,

v ZR#’;'
7

The times of the individual arrivals are weighted now according to the length of the reflecting sur-

faces of the rocks,R,@,; The velocity can be factored out from the above equation if the properties
of the sediments in the region are assumed to be homogeneous. Next,we assume that the distance
from the source to the “fictitious”rock,r,and all the distances from the source to the individual

rocks are comparable,i. e. =7, for all i. Recaling the identity

we get the simplified “delay equation”;

R=3R Reoe (5)

Z R,

We note,however,that egs. (3)and (5) were not used directly ,when the measurements of R
and @ were carried out. Instead,we used the physical intuition and common observational sense.

which were based on and guided by the above considerations.
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Some examples of the determination of the parameters R and ¢ are shown in figure 6. In
many cases a considerable uncertainty is involved in the process of selecting specific values for R
and ¢. For example,which rocks should be considered as potential reflectors? This depends on the
distances to the different rocks,on their location relative to the source,to the station and to each
other ,their horizontal dimensions,magnitude of the earthquake,depth of the hypocenter and rate
of attenuation of strong motion with distance (Trifunac and Lee,1990)and +++++the intuition of
the investigator. .

Next we consider the strong ground motion as it is seen at the recording station,located in a
sedimentary basin and surrounded by rocks. Direct P -, S —and surface waves are arriving to the
station first,and those generate strong ground motion of some duration. Later,some reflected,
scattered and other delayed waves arrive. Many of those do not have amplitudes that are big
enough (compared to the direct wave amplitudes) and so do not cause significant increase of the
initial duration of strong motion. However,some of those “late” waves,reflected by well —defined
boundaries between the sediments and the basement rock,significantly differ from other scattered
waves. These waves cause additional pulses which will contribute to the duration of strong motion
energy observed at the station. The above simple physical considerations allow us to search for the
functional form of the dependence Tiegon = Tregion (R @) .

We first discuss the dependence of r,0n the angle @ . We recall that ¢ is a measure of the
“efficiency” of the reflections. If this angle is small, the reflected wave carries little energy and
cannot be noticed relative to the background of the other waves. The increase of @leads to an in-
crease of the duration of the reflected pulses,because large @ implies long reflecting surface and
increases the variety of the sampled lengths of the propagation paths source -rock -station. These
considerations suggest that f.gmis an increasing function of @ . The data presently available
(Novikova and Trifunac,1993a) suggest that the dependence of T.mon @can be approximated by
a linear function.

The dependence on R is more complex. Suppose first that R is small. Then the time intervals
which correspond to the initial pulse (of duration dur,)and to the reflected pulse (of duration
dur;)will be observed at the station almost simultaneously , without producing significant increase
in the duration,Next,consider larger R. The time delay between the two pulses of energy causes
the complete separation of the corresponding intervals of strong motion,and the total duration is
longer now and equal to dur,+ dur,. Further increase of R causes an increase of the time which
the reflected waves spend travelling through a dispersive medium. This causes increase of dur; and
results in further prolongation of the total duration dur,+ dur,. Finally,consider that R is big.
The second pulse.generated by reflection from a remote rock.experiences strong attenuation and
is so weak now that it cannot be noticed relative to the background of the scattered waves. The
further the rock is ,the weaker the pulse will become. Therefore ,two ranges of horizontal charac-
teristic dimension (distance to the reflecting rock Yexist: “small”R.where duration of strong mo-
tion grows with increasing R.and “large”R.where the effect is just the opposite. The simplest
way to describe such dependence on R is to use a parabolic function,

Trpin (R) = const, + const, + R + const, « R? (6)
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where const;»i=1,2,3 are constants (different at different frequency bands),and we expect that
const;<<0.

Next consider the depth of the sedimentary deposits at the recording site,A. It has been rec-
ognized that the parameter h plays an important role in scaling various characteristics of strong
earthquake ground motion (Trifunac, 1989a; 1991; Trifunac and Lee, 1990; Lee, 1991). Some
studies on the influence of the depth of sediments on the duration of strong motion were also per-
formed (Westermo and Trifunac,1978;1979; Trifunac and Westermo,1982). In the last group of
papers, the linear dependence . () =const, +consts « h,where const,and consts are frequency
dependent regression coefficients, was considered. In the present study, we will assume the
parabolic dependence

Tregon(h) = const, + consts « h + constg * h?, n
where const; i=4,5,6 are frequency dependent coefficients. The reason for this is that the depen-
dence T, (k) should be similar to frgm (R) with the difference in scale,due to the fact that 4 de-
scribes the dimension perpendicular to the predominant direction of the strong motion wave prop-
agation.

How should eqgs. (6)-(7) be combined to describe the prolongation of the duration at a sta-
tion located on sediments of the depth 2 and at distance R from the edge of the valley? Consider
the wave travelling from the valley towards the edge of the sedimentary deposits (figure 7). The
wave cannot penetrate all the way to the edge of the basin,and reflects back into the valley before
reaching the surface boundary of the rocks and the sediments. The length of this “penetration”
depends on the geometry of the basin,on the wavelength of the wave and on the incident angle.
We .introduce here the “effective”horizontal distance R.,that is the distance from the station to
the region of reflection. It is the parameter Ry which should be considered in eq. (6) instead of R.
R.s,however is hard to determine,and s0 we use only R and A in our equations and account for the
existence of the “effective”horizontal distance R.¢via empirical regression coefficients. By fixing
the horizontal dimension,R,and by changing the depth of the sediments,4,one changes R.. This
means that the effects produced by parameters R and & are related to each other. The appropriate
way to account for this coupling is to combine eqs. (6) and (7Y and add one more,coupling,term:

Trgioa (R sR) = const, + const, + R + consty + R?
+ const, -+ consts « h + consty + h* + const, + Rh, (8)

The constant term const, +const, in Trgea(R+h) should be equal to zero.because no prolonga-
tion of the duration (of the type discussed above) is possible when R=h=0(which simply means
that the station is on basement rock). Renaming the coefficients in eq. (8) ,and recalling the con-
tribution from the angle of reflection @,the final form of z,gw(R+A.9),in this study,becomes:

Tregoa (RoyPAP) = Tregion =as *h +ag* R+ a; *hR+ag* R*+as+h* +a,+ ¢ (9)

Here a,;,i=5+10 are some unknown coefficients. This numbering of the coefficients was chosen to
maintain consistency with our previous work (Novikova and Trifunac,1993a). Note that the sum

of the first five terms in eq. (9) corresponds to the complete decomposition of the dependence Tiegion
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= Tregon(R,h) as a function of two variables into Taylor series up to the second order (assuming

the constant term is zero).

THE REGRESSION MODELS

Several models of the duration of strong ground motion are presented in this section. The un-
known coefficients of each model were obtained from linear regression analysis, performed
separately at each channel. The singular value decomposition method (Press et al. ,1986) was
used to maintain good control over the accuracy of the inversion problem.

The regression models are constructed starting with the “basic”model , which scales the dura-
tion of strong ground motion in terms of the earthquake magnitude and the epicentral distance. In
addition to the terms ro(duration of the scurce radiation) and rs(prolongation due to the propaga-
tion effects),which are both included in the “basic”model, we consider the prolongation of the du-
ration represented by the term o in eq. (1). First we present the model which uses the most
“complete” form of this term,given by eq. (9). A discussion of the regression coefficients,result-
ing from this model will follow. Then ,two other,“truncated, "forms of the term t,qmwill be given

for the models ,which can be used when not all of the parameters 2,R and @ are known.

Model dur=dur(M,M?,4,h,R,hR,R?,h?,@)

The most “complete”model among all of the ones studied in this work includes the depen-
dence on magnitude M and on epicentral distance A as in the “basic”model. It also includes the
dependence of the duration on the depth of sediments at the recording site,k,on the characteristic
horizontal distance to the rocks,capable of reflecting seismic waves towards the station,R,and on
the angle p,subtended at the station by the surface of the reflecting rock. The regression equation
of this model is; '

(k) (€]
{:Z:ng }= {:m Eg }4— o) M+ alh) Htalf)-a+
[as® <k + a®(f) * R+ a,P(f) « hRR 4+ a,® (f) * R* + a, P (f) + h? + a,,(f) - ¢4
{[as(") ch+ @) R+ V) AR + g, (f) * R + 2, (f) » h* + 2, (f) « ¢l }’
(10a)
where the epicentral distance,A,the depth of sediments,k,and the distance to the reflecting rock.

R ,are measured in kilometers. The angle @ is measured in degrees and

- az(f)
Zag(f)

M is introduced to keep the duration of strong ground motion a nondecreasing function of magni-

M = max{M ,M,.(N}, M. (f) = (100)

tude (Novikova and Trifunac,1993a). The expression in the square brackets in eq. (10a) repre-
sents the frequency dependent term frgn when it is given by eq. (9),and
rre.ion(f)! If rn‘ion(f) > 09

otherwise

[Trewion(f)]+= max{o9rn;ion(f)} = (10c)

The values of R,k and @are assumed to be zero if the station is located on rock.
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Preliminary analysis shows that the constant term &, and the dependence of the duration of
strong motion on the parameters 4, R and @is different for the horizontal and for the vertical com-
ponents. Therefore we consider two different sets of coefficients, {@;*’ (f),i=1,5+10}for the
horizontal components, and {4, (f),i=1,5-10} for the vertical ones.

The regression analysis using eq. (10) is accomplished in three steps,two of which are the
same as those for the “basic” model (Novikova and Trifunac,1993a). During the first step,we as-
sume M=M and disregard the subscript “+” of the term 7w in eq. (10a). The regression coeffi-
cients obtained so ,allow one to evaluate Main(f) using eq. (10b),and to proceed to the second it-
eration,which accounts for the nondecreasing nature of the dependenceof the duration on magni-
tude. During the third iteration,the previously obtaine& coefficients are used in the evaluation of
the term f,egmon,s0 that eq. (10c)can be used ,and only the positive contribution of t,e is taken in-
to account. Remarkably, all three sets of coefficients,obtained in those three iterations,are very
similar. This results from the fact that just a few data points have M<<M 0r 7,4 <0.

Table 1 presents the results of the regression analysis of eq. (10). The regression coefficients
are given as o,(f) +a.(f),where ¢?(f) are the variances of the values found. Zero values for the
coefficients correspond to the cases when |o;/a;|>>1. Figure 8 displays the dependence of the coef-
ficients of the regression model on frequency (solid lines) and shows their reliability in terms of
the “o - interval” and the 95% confidence interval. the coefficients {a,(f),i=1-+4} show how the
duration depends on the magnitude and on the epicentral distance. At the first channel,no disper-
sion is noticed (at the distances where the motion is still strong) due to the existence of only one
mode of the surface waves. At other channels,the duration of strong motion increases with dis-
tance, due to dispersion (Novikova and Trifunac,1993a) (at low and intermediate frequencies)
and due to scattering (at high frequencies). No dependence of the duration on magnitude M can be
detected at low frequencies,because the dimension of the source is smaller than the wavelength of
the seismic waves at these frequencies. As the frequency increases,first linear,and then quadratic
dependence on M can be observed. A more detailed discussion of these effects can be found in our
previous work (Novikova and Trifunac,1993a).

The coefficients {a;(f),i=5<10} describe the influence of the geometry of the sedimentary
basin where the recording station is located. The coefficient a,,(f) represents the “strength” of
the horizontal reflections (measured by the angle @),and it is positive. The coefficients scaling
the contribution of the quadratic terms R*? and A’ are negative,as expected. Thus,the description
of the prolongation of the duration by the presence of a sedimentary basin results in the increase
of duration for the intermediate values of R and k and in no increase for small or large R and A.
Figure 9 shows isolines (in seconds) of the positive contribution to the overall duration, predicted
by eq. (10) ,made by the following sum of terms,involving R and A:

z‘f,‘;,.(R,h)} _ {ag“ ch+a® R4+ a® « AR+ a{® « R* + a{® « h’} (11
tea(RR) a® ch+al” «R+af” + kR + af” + R* + a{” « h* "
Figure 9 also shows the observed duration,which is presented averaged over the ranges of R and
h. The darker shade corresponds to longer observed duration. The same scale of shades is chosen

for the horizontal and for the vertical components of each channel,but different frequency bands
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have different scales. No shade corresponds to the ranges of R and A where no data are available.
For both horizontal and vertical components,practically all the data points fall in the area where
Tregon (R + 1) >0. Consequently s tregion (R 12 s ) = Tregion (R A ) + {contribution by ¢}is greater than zero
for even greater number of data points. This not only explains why the third iteration of the model
(which treated the points where r.4,<<0 in a special way) and the second iteration (which did not
consider condition (10c)) gave practically the same results,but also verifies our approximate as-
sumptions about how the presence of a sedimentary basin can influence the duration of strong
grounrd motion.

The coefficients representing the prolongation of the duration of the strong ground shaking
by the specific shape of the valley are distinct from zero in the intermediate frequency range only.
To explain this ,we consider here the model proposed by Trifunac (1990) for the description of
the effects produced by geological sediments and local soils on the amplification of strong motion.
According to this model.a layer of sediments of thickness h works as a band - pass amplificafion
filter with specific high.f, and low.f, cut - off frequencies. The low cut - off is the frequency for
which the corresponding quarter wavelength in sediments coincides with the thickness of sedi-
ments.h. The high cut -off depends,among other parameters,on the attenuation factor Q,typical
for the sediments considered. For high frequencies,the amplification effects compete with the in-
elastic attenuation. In the intermediate range f.>> f>> f, .the average amplification practically does
not depend on frequency. The amplification effects can be explained by multiple reflections inside
the sedimentary basin (an increase in waveamplitude upon entering the soft layer also takes
place). The physical reason that leads to prolongation of the duration in a sedimentary valley can
be assumed to be the same multiple reflection phenomenon. One of the “geology "models,used for
description of the amplification effects (Trifunac.1990) had the following parameters:.depth of
sediments h=2km,shear wave velocity f=2km/sec.and inelastic attenuation parameter Q=100.
The estimates of fiand f,came out to be :for the high cut —off frequency f,=5H;.and for low cut
-off f.=0.24H;. A good agreement can be found between these values of f, and f, and the fre-
quencies that bound the range where the prolongation of the duration due to the presence of a sed-
imentary basin can be seen.

At low frequencies (f<<C. 3H;),all the coefficients {q,(f),/=5-=10}are equal to zero and no
influence of the sedimentary basin on the duration of motion can be noticed. At channel #4(f,=
0. 37H;) .the prolongation of the duration is expressed by the term involving gonly (see tablel. )
The angle of effective reflection.¢.appears to be more sensitive to long waves than the parame-
ters R and / .because it measures the overall “strength of reflection”(without going into details of
the geometry).

At f=0. 63+ 2. 5H;.the geometrical properties of the sedimentary basin “work”in full
strength.and all the terms in t.unhave non ~zero values. it is interesting to notice that the range
of parameters R and & where T, (R-#)>0 (the area inside the zerc isoline in figure .9).being
slightly different for the horizontal than for the vertical components.preserves itself for both com-
ponents in the frequency range f=0. 63+ 2. 5Hz. This effect may be similar in nature to the effect

of absence of dependence of the amplification factor on the frequency of motion inside the interval
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[+<f<f1(Trifunac,1990). Inside the frequency range where frge (R,4)>0,the value of Toge
(R, k), however, does depend on frequency. The maximum possible contribution of Tregn (Ry 1)
changes from 7. Ssec to 2.5 sec for the horizontal componexits,and from 5 sec to 3.5 sec for the
vertical component, when the frequency changes from 0. 63Hz to 2. 5Hz. The difference in pro-
longation for different frequencies might be interpreted by the hypothesis that longer waves will
cause longer prolongation of the duration simply due to their long period nature.

After the transition range (4. 2<7. 2Hz) ,where some effects of the geometry of the sedimen-
tary basin can still be noticed,the short wave range (f=>5. 0+ 8. 5Hz)sets in. For these frequen-
cies,no influence on the duration of strong ground motion by the presence of a sedimentary basin
with specific geometry can be observed. This could be explained by the high inelastic attenuation,
typical for the upper hundreds of meters of soil and sediments. In Pliocene - Pleistocene sediments
of the Los Angeles basin ,Hauksson et al. (1987)estimated Q for shear waves to be in the range
from 25 to 100 for depths between the surface and 1500m. Malin et al. (1988) observed and aver-
age Q=9 for shear waves in an ophiolite complex at Oroville,valid for depths from 0 to 500m. So,
for high frequencies, multiple reflections, causing prolongatibn of the duration,have to compete
with the inelastic attenuation,and the resulting effect appears to be negligible.

We examine now the differences between the sets of coefficients obtained for the horizontal
{a;®(f),i=5=+10}and vertical {a,”(f),i=5-+10}components. The coefficients a{* () and a{®
(f),which scale the influence of the parameter R on horizontal component of motion,are better
defined and can be followed in a wider frequency range than their vertical counterparts a{” (f) and
af” (f). Conversely,the coefficients that describe the contribution of the depth of sediments 4 to
the duration of the horizontal component,af’’ (f) and a* (f), have larger variances and are
distinct from zero in a narrower frequency range compared to af” (f) and ai” (f),which are re-
sponsible for the similar description in the case of the vertical components. As a result,the strong
motion duration of the horizantal components appears to be more sensitive to the horizontal char-
acteristic dimension R, while the duration of the vertical component “feels” the deptl;x of sediments
under the station,h,better than it “feels” R. If we assume that the Love waves,and the multiply
scattered SHwaves,give more contribution to the horizontal component than to the vertical ,and
that the Rayleigh waves do produce a substantial vertical motion,then the asymmetry in the be-
havior of R —and A -related coefficients could be explained as follows. The parameter R describes
the geometry of the basin on a large scale, while h.gives a more local description in terms of the
depth of sediments right under the recording station. the dispersion of the Love waves might be
more sensitive to the “irregularities” in the layered media, than that of the Rayleigh waves
(Levander,1990). Our irregularly shaped reflecting rocks,positioned at distance R from the sta-
tion,might be interpretéd as such “irregularities. ” The dispersion of the Rayleigh waves, per-
haps, does not “feel” the smooth irregularities in a wave guide that much ,and , thus, the
Rayleigh wave “carries” less information about R. Instead,this wave can be considered as a repre-
sentative of the mean structure beneath the receiving station. This structure can be characterized
by the depth of sediments at the recording site,k. So ,simplifying, we might assume that the

Love waves appear to carry information about the parameter R,and this information is recorded
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predominantly by the horizontal components. The Rayleigh waves have substantial vertical com-
ponent and “remember” the depth of sedimentary deposits,h ,causing the duration of the vertical
motion to be more sensitive to h.

There is also another reason why the strong motion duration of the vertical components is
more sensitive to the depth of sediments than is the duration of horizontal strong motion. The du-
ration of the vertical component of strong motion receives contributions from body P (and SV )
waves (Novikova and Trifunac,1993a). The P —arrival is seen on the horizontal components also,
but it does not bring enough energy to be counted as strong motion. As a result,the information
about the depth of sediments,carried by the P —wave and the waves scattered and reflected sever-
al times in the sedimentary layer just underneath the station,can be recognized primarily by the
vertical component of motion.

The angle @ with which the reflecting rocks are “seen” from the station,is a measure of the
contributions to the duration from the horizontal reflections. The characteristic “dimension” of
these reflections is described by R. Both ¢-and R - related coefficients are better defined for the
horizontal components. The typical values obtained for a,, (f) give an increase in duration by
about 2 sec for f=0. 37-1—'1. 1Hz and by -about 0. 5 sec and less for f=2.5=4. 2Hz,per each 100°
of p.

Models dur=dur(M,M?,8,R,R?,9) and dur=dur(M,M?,4,h,h?)

It is not always possible to obtain information on all the parameters involved in the descrip-
tion of a sedimentary basin for the model (10). We will describe here two models that can be used
if only h or only R and pare available.

Consider first the model

h) W)
j::ng - {:(,, Eg> +af) M+ a() F+alf) o+
N {[a,""(f) *R+a®(f) * R+ a, M)« ¢]+} (122
[a¢™(f) * R+ a3 () * R* + 2,0 (f) « ¢,
where the epicentral distance,A,and the horizontal characteristic dimension, R ,are measured in
kilometers and @is measured in degrees,

— az(f)

M= max{M9an(f)} ’M“‘m(f) = Zag(f)

(126)

and

(«),y= max{0,(-)}. (12¢)
The values of R and pare assumed to be zero if the recording station is located on basement rock.
The terms with superscript (k) correspond to the horizontal components and the terms with
superscript (v) describe the vertical motion.

Eq. (12) was fitted to the data in three steps (identical to those described earlier for eq.
(10). Table 2 shows the number of data points available, N (f),all the fitted coefficients a,(f)
and their variances 6;(f) + Muq-the average duration dur.and the standard deviation o,,, for each
frequency band. Comparison with Table 1 shows that all coefficients,involved in this “truncated”

model,are similar to their counterparts from the “complete”model (eq. (10)).
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Figure 10 displays the positive contribution of the terms a,(f) * R+a,(f) * R? to the total
duration, predicted by eq. (12), for horizontal and vertical motions. In the “truncated” model,
where the geometry of the basin is described by R onfy (instead of by R and h,as it is done in the
“complete”model ), the result appears to be “averaged”over the depth of sediments A.

The second “truncated” model, considered in this paper,addresses the case when only the
depth of sediments,A,is available:

()] (¢ )]
j::mfg = {::m Eﬁ} +a () M +a(N) B+ a0, A+
[as™(f) + b + ag®(f) » R,
+ { } (13a)
[as(f) « A+ a,™(f) « A*],
where the epicentral distance,A,and the depth of sediments under the recording site,h are mea-

sured in kilometers,

— a,(f)
22, () (136

M = max{M, My ()} Ma () =

and

(+),= max{0,(*]}. (13¢)
The results of the regression analysis are shown in table 3 and in figure 11. As before (see “com-
plete” model,eq. (10)),the vertical component is more sensitive to the depth of sediments,than

the horizontal one.

Distribution function of the residuals

To get an estimate of the probability with which any given duration of shaking will be ex-
ceeded during an earthquake with given parameters at a site with known properties, we studied
the residures of the models presented. We considered the relative residuals, A = dury,/dur, were
durqs./dur is the observed duration,and dur is the duration,predicted by a model. We found that
the distribution function of X is very similar for the different models and for the different frequen-

cy bands,and that it can be approximated by the function

D S
| q(lA) = v At x (14a)
where 7 is the normalizing coefficient .
7= . —:_f- + [sin @]“. (14%)

The coefficients a,b and ¢ should be calculated for each model at every frequency channel. We
choose these coefficients according to the Kolmogorov - Smirnov criterion,which requires that the

cumulative distribution function
A
PQ) = j g(AdA (15)
]

be close to the observed cumulative distribution function. Table 4 gives the “best”values for the
coefficients a,b and ¢ for the distribution(14) for the models in eqs. (10),(12)and (13). Having
the distribution function of A,we can predict the duration of strong ground motion which will not

be exceeded with any given probability at a site with known properties during an earthquake with
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given parameters. For some probability P,the value of As,such that P(As=F),can be found from
egs. (14) — (15). The duration not to be exceeded with probability P is then durp=dur * ip,where
dur is the duration of strong motion,predicted by the model we have chosen.

DISCUSSION

The models presented in this paper serve to provide an understanding of the physical mecha-
nism which may be responsible for the prolongation of duration of strong ground motion at sites
located on sediments. However,the prolongation mechanism described here (reflection of the sur-
face waves at the boundaries of the valleys back inside the valleys)is only one possible way to in-
terpret these observations.

Consider for example the case shown in figure 4. The earthquake source generates the body
(and the surface )seismic waves. Some body waves penetrate deep into the crust and reach the
recording station from below. Some body waves are converted into surface waves at the first
boundary rock - sediments,at the distance p} from the source. Together with the surface waves
generated in the epicentral region, these waves propagate through the sedimentary valley and
reach the boundary at the epicentral distance pi+p},where they partially reflect back into the val-
ley (this surface wave energy is “trapped” in the valley)and partially continue to propagate away
from the source in the form of body and surface waves. Similar processes of surface — body wave
conversions and reflections from the edges of the valley repeats itself in each sufficiently deep al-
luvial valley. As a result,a complex picture of overlapping strong motion pulses consisting of body
and surface waves is recorded at the station.

When the 3 - dimensional geometry of the region of wave propagation is irregular and so
many factors contribute to the formation of the signal at the location of the station,it is difficult
to decide how to describe these factors using just a few parameters which can be included into
regression analysis. For example, we considered the percentage of epicentral distance covered by
rocks on the earth’s surface,§= (i +p5)/A,and looked at 7, = (a{* + a(P{) » Ainstead of 1,=a,
» Ain eq. (1) (Novikova and Trifunac,1993a). It appears that ,per each 10 km of epicentral dis-
tance at frequencies near 0. 3 Hz,duration is prolonged by 2. 5 sec if §=0 (the direct surface
straight path from the source to the station does not cross any rocks,and by only 0. 8 sec if §=0
(the epicenter and the station are located in the same rock outcrop). We explained this by
stronger dispersion expected along more“alluvial”’path than along “rocky”path.

Choosing § as one of the parameters describing the geometry of the region where the strong
motion is observed is ,however,only and approximation. If the deep source and the recording sta-
tion are separated by several valleys,the main strong motion energy observed at the site could be
coming from the direct body waves and from the surface waves generated at the edges of the val-
ley where the station is located. In this case,one can choose to consider the percentage of path
covered by alluvium valleys which effectively participate in the carrying surface waves ehergy to
the recording site and exclude the valleys located far from the station. If the source in figure 4 is
shifted to a deeper depth,this parameter can be expressed as the ratio g;/A.

Another parameter, probably useful in éonsidetation of shallow sources,is the number of

boundaries rock -sediments and sediments -rock crossed by the seismic waves on their way to the
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recording station. It may influence not only the duration of strong motion,but also the amplitude
of Fourier spectrum observed at the site. Large number of boundaries should weaken the signal.
Also,the large number of valleys reduce the amplitudes of strong motion because some energy is
“trapped”in these valleys and never comes to the recording station.

The influence of all these and of other parameters on the strong motion characteristics would
be interesting to study. However,the possibilities to detect the influence of the associated parame-
ters strongly depend on the available database. If there are not enough cases for each value of a
discrete parameter or for each (reasonably small) range of values for a continuous parameter,its
influence cannot be detected even if it is significant. To this end ,we should consider a parameter,
describing the prolongation of duration in alluvial valleys,which is different from those discussed
in this paper (“reflection distance”R,depth of sediments h and “reflection angle”@)and which may
be represented by our database (figure 12). This is the distance from the station. (located in a val-
ley )to the edge of the valley, where the body waves are likely to generate the surface waves
(Vidale and Helmberger,1988), This parameter,/,could be measured for 226 records from our
database (figure 12).

When the limitations of our modeling the prolongation of duration,as it is described in this
paper are understood,the results of this work can be used for the prediction of the duration ex-
pected during future earthquakes,when the parameters of the shock (M and A)and the site (R,¢
and k) can be specified. However, we note that our equations (with the coefficients shown in
talbes 1 —4) can be employed for such prediction in the region where the data,used in the regres-
sion analysis,were recorded (Western U.S. ,and primarily Southern California). A different geo-
logical environment may change the prevailing earthquake mechanism, the distribution of
hypocentral depths of the sources,the velocities and the attenuation factors,thus changing values

of the regression coefficients.
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Figure Captions

Figure 1 Number of 3- component records in which at least one channel in at least one compo-
nent of acceleration,velocity or displacement was accepted (as a noise free)for use in the regres-
sion analysis;a) as a function of earthquake magnitude,b) as a function of the epicentral dis-
tance. .
Figure 2 Distribution of the 3-component records of good quality (at least one component of ac-
celeration, velocity or displacement in at least one channel was adopted for use in the regression
analysis) with respect to: a) earthquake magnitude,b) epicentral distance.
Figure 3 The definition of duration illustrated for the east acceleration component of the Morgan
Hill earthquake,band - pass filtered by channel # 4 filters (central frequency 0. 37 Hz) .

a)time history f(t) with strong motion intervals (shaded);

b) 'rf’(r)dr and its smoothed version;

c)the derivative of the smoothed integral of f*(¢) and its threshold level p,. The time inter-
vals giving contribution to duration with z=0. 9 are highlighted.

Figure 4 A scheme of wave propagation pattern. The strong motion energy reaches the station in
form of the surface waves,some of which are generated at the edge of the valley (at the distance
©; i+ p; from the epicenter) and in the form of body waves,coming to the station from below (of
course,many other forms of wave propagation are possible). Some of the seismic energy remains
“trapped”in the first valley (of the horizontal size p}) and never reaches the recording site located
in the second valley. The distances pf stand for the portion of the epicentral distance covered by
rocks (z=r) or by sediments (z=3s),
Figure 5 'An idealized representation for the definition of the generalized parameters R and ¢
“1” represents the basement rocks,appearing on the earth’s surface. “2”shows the angle ,subten-

ded at the source by the rocks from which reflection occurs,with the solid lines representing the
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direct waves,emitted by the source towards the rocks. “3”gives the symbol for the angle ,subten-
ded at the recording station by the surface of the rocks from which reflection occurs, with the
dashed lines representing the waves reflected by ‘the rock towards the station. For the i*rock,r; is
the distance from the source to the rock, R, is the distance from the rock to the station,amd @ is
the angle,subtended at the station by the rock.

Figure 6 Determination of the parameters for the horizontal reflections (the angle @,subtended
at the recording station by the surface of the rocks from which reflections occur,and the charac-
teristic horizontal distance to these rocks,R) for the Livermore earthquake,of January 26,1980,
recorded in the San Francisco bay area. The distribution and configuration of the basement rocks
are taken from the Smith’s map (1964). With the superscript corresponding to the station num-
ber,R’=20km,R® =30km, R =25km, R’ =45km , R =4¢5km,and ¢V’ =70°, ¢ =40°,¢¥ =
70°, ¢ =40°, ¢ =30".

Figure 7 Reflection of a wave from the boundary of a sedimentary basin. The station is shown by
the black triangle,the direction of wave propagation is represented by the arrows. 4 is the depth of
sediments under the station,R is the distance to the reflecting rock as it is seen on the earth’s sur-
face,and R,/ is the “effective” distance from the station to the region were the reflection actually
occurs.

Figure 8 The regression coefficients of eq. (10),plotted versus the central frequency of the chan-
nels (solid lines). The coefficients are bounded by their “s ~ intervals”(dashed lines) and by their
estimated 95% confidence intervals (dotted lines).

Figure 9 Isolines of the additional (relative to the basement rock sites) duration (in seconds) of
strong ground motion due to a specific geometry of the sedimentary basin,as estimated from eq.
(10). The positive contribution of the terms dur®(R,h) and dur (R,}) defined by eq. (11) only
is considered. The observed duration is shown averaged over the various ranges of R and & ,speci-
fied by the dashed mesh. Longer duration corresponds to a d.arke_r shade. The horizontal and the
vertical components are shown separately for each channel. The scale of shades, however,is the
same for both types of components. For moderate frequencies,longer duration can be seen for in-
termediate values of R (25<55 km) and A (2+5 km).

Figure 10 Additional (relative to basement rock sites) duration (in seconds) due to the specific
horizontal characteristic dimension of the sedimentary valley,R as predicted by eq. (12):a)hori-
zontal component,b) vertical component. This “truncated” model preserves the main features of
the “complete” model (eq. (10)) regarding the behavior of the terms which describe the prolonga-
tion of the duration due to the specific geometry of the sedimentary basin.

Figure 11 Additional (relative to basement rock sites) duration (in seconds) due to the depth of
sediments under the recording site,k ,as predicted by eq. (13) ;a) horizontal component;b) verti-
cal component. This “truncated” model preserves the main features of the complete model (eq.
(10)). regarding the behavior of the terms which describe the prolongation of the duration due to
the specific geometry of the sedimemary basin.

Figure 12 Distribution of records in our database with respect to the mutual location of the

earthquake source,recording station and the sedimentary valleys in the area of strong ground
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shaking. R is the “reflection distance”defined in figures 5 and 7,/ is the distance from the station
to the edge of the valley where the surface waves are likely to be generated’from the body waves
when the latter enter the sedimentary basin.

Table Captions
Table 1 Results of the regression analysis of eq. (10).
Table 2 Results of the regression analysis of eq. (12).
Table 3 Results of the regression analysis of eq. (13).
Table 4 Coefficients of the distribution function g() (see eq. (14)) for the models (10).(12)
and (13).



Table 1

vof
data Coefficienus Qi and their accuracy ("o-interval™) dur
Channel [ f,, points Mmin | Fdue av
number | (Hz) | N(O [ ™ ] ap | a2 | 2@ A | ag™ [ ag®™ ] apdt | agl [ age | ayg® | as™ | agt? | ap® | agiv? | agt | ayp? (sec) | (secd
0 l.0,v] .0, <G =05 | 26| 20 | 209 | Lo | 200 | 2Bigid | 204 | 204 209" | 2040 | 200l | 2046
08 | 32 3 . . S . , R ! . 0 0 0 |
i Joews| » ‘2_; -z? o L I o o I o I ° 102 | 183
- - 9 | 194 v b Wi v, 9 o 2 o | v 0 |9 3 0 A
: osx | s [ L 018 | 102 | 283
ns | 136 0 D] 5] 0] o0 |o 0 o |0 ) 0 0 0|0
3 fon | w2 | o6 | .01 o012 so | 214
58 | ot 38 04 6| o] 0 |0 ) o |05 0 | O 7 0 o | o9
« fow [ wvm | 30135 Jx 209 0085 2007 13 | 209
s | 53 | 24 | 0] O [ 00| 0 | 58| @3V [-G075 | -2 [ OI78 | 39 | 45 | U63 | -0054 | -5 | vz2s A
3o foed | 129 ] 2s | .ya | s46 - 009 2057|0111 10008 | 08 |-0061 | 2145 1100 V0192 |-006 | o137 |200107 ; 3
) 530 | 2 | 4% | 207 O [ 86| 36| 382| 038 [-00% | -41 | ox4 | 95 | 192 | 0607 |-0039 [ -39 | 0209 o1 | 1es
i il 1.7 =219 +32 2 006 254 | +031]|20089 | 20007 | =09 |<0044 | ~78 |2075 | =0143 |+001) | =13 |+.0073 - 16.
R 7 | ses | 3 [ 19 | 93] O | | ®9[ 01| 0232 [-004 [ -3¢ | 0082 | 132 | 105 | 0267 |-0024 | -44 | O s | 05
‘1 210 [ 212 | .2 -00s! ~av ] .oxsl.0068 |.0006 | -07 [.0032 | .60 |-0s¢ |+0106 |.0008 | -10 - :
63 | 14 | -as1|] 361 M| o 142 0142 |-0025 | -.il | 0053 [ 1.42 | 089 | 0083 |-0016 | -23 | ©
S | 23 1205 ) .45 |ous | ces| 08| -0m 2019|0041 20003 | 203 130020 | £37 [-034 | 20063 |0005 | -06 9] 33 | s
" 34 ] 99 | 374| 32| 016] o | os9] 0 0006 | 0 | 0021 | 96| 0 ) 0 120
9 47 | 2 | s | s | 6] s05] 00 =012 - 0002 10014 | =26 08 360 | 31 ) 76
- - 2 | 96 | 452 65| 02| o | o |0 9 0 | 0 32| 0 0 ) o [0
0 ] 32 ) ) g g1 | seal ot -0 :22 204 34 ] 36 | 63
62 | 63 | 333| 2| 058] o | 0 | 0 9 0o [0 [ o |0 0 0 )
h {2 | T an ] al el Lem 320 | 20 [ sa
100 J101 | «o8] 62| 06| o0 ] 0 |0 0 o |0 o]0 0 ) 910
12| | ™| gy |y | sl c08] com 317 [ 18 | 42
2 2 2 2
i ! M M2 A h R hR R h v h R hR R h v
horiz | vert horizontal component vertical component

Corresponding

parameters
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Table 2
# of :

Channei £ p(:;'::aats Coefficients a; and their accuracy ("o-interval”) M| gy duray
number | (Hz) N [ a0 | a0 an a ay ag™ | ag® | a g™ | ag) | ag | ay™ (sec) | (sec)
o) | .oV | .o +01 102 | 206 | 2ogth) | 10150 | 206(V) | 208V | 2030V
! 0.075 37 :lz)g 1:2,.: 4 .0 0 .0 0 0 .0 V) 0 10.2 38.3
<J VAR B ST I B4 N I - S R I I S A 102 | 283
3 0.21 962 l(l)z gg .0 .AO :(2):32' 0 L g 0 .0 0 8.1 21.4
A R NARA AR
s [ow o | 22| B0 | 0 | [ ey e mmm | oo
6 | oo | ] SIS |0 | oo | oms | soo0s | co02s | 040 | sooos | sooar 62 | 153
7| r7 s | a9l 00 | sis | | soos | sous | sooas | sooai | s02r | 50004 | soon 50 | 122
8 | 25 [ 3032 | 0% % |veo | w06 | -003 | =iz | soooz | soore | sois | sooos | sooar | 349 [ 34 | 90
o | a2 |2608 | 331 05 |75 | o5 | oo | sov2 | sooz | sooa | | O | 0 |3%9| 31| 76
T N P B L5 T N S e o -~ I I B O 010 lass| 26 | 64
IR o Dol b 1 I e e O Y ]320] 20| s
I TR I < P N e e IR I I B 0 O Y (] 8| 42
vl v || a |[R|R] )RR

nonz | vert horizental vertical

Corresponding

parameters
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Table 3

:a‘t):f Coefficients a; and their accuracy ("g-interval")

Channel | fg | points Mmin| Ogyr | 9UTav
number | (Hz) | NOO [am [am [ a3 | a3 | ag [ ast® [ ag® | astv | agtv (sec) | (sec)
01| 201 | 107 | 203 | 204 | 205M | 200 | 105V | 200
1ojoors| 37 [ 3B 00 oo 102 | 383
2 Jorz|su [ M BRel ol O] 102 | 283
3 Joafoe2 | REIRSL O a1 |”° 8.1 | 214
R - R - e R R 74 | 210
s | oe3[1796 | 1| il % s | C | ° |lia|h 79 | 188
6 | 11600 | Gyl o |5 | ° | 007 | aes | cos | ses |2 75 | 166
U I REITE Il el e B - e - Bl 58 | 135
o | o5 [oow | 9] S8 28 | B L L2 L8 8 [ [0] 35 | s
o | a2 |89 | 0| 05 |35 [hos Lo | | |3 |uos |339] 32| 76
o | 72 28 | M| S |ra el e 0] o | o4 |38 26 | 65
u [ s | S [ [k o | o | 0 |0 [ [320] 20 ) s
2 |20 | 2e | M0 0 [t Lo | Y] O [0 [397]| 18 | 42
1 1| M [ M| 4 h | b2 | b [ R
honz | vert horizontal vertical

Corresponding

parameters
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Table 4
Ch. fo For eq.(10) For eq.(12) For eq.(13)
number | (Hz)
a b c a b c a b C
1 0075| 23] 35]120] 22| 35|120] 23| 35120}
2 012| 07 76| 07| 26| 76| 07| 26| 76l
3 021 04| 29| 71| 04l 29 71] 04| 29| 71!
4 037 13| 23| 86] 13] 26| 87| 1.5] 24| 86
5 063 11| 19| 69| 20| 16| 73| 20| 15| 70]
6 | 2| 18] 69| 22| 16| 74| 10l 15| 6ol
7 17| 17| 19 78] 19] 19| 77| 15| 17| 7
8 25 | 21 19] 75| 23] 18| 76| 18| 18] 73
9 42 | 24| 17| 75 27| 15| 12| 28] 15| 13
10 72 | 27| 15| 70 28| 15| 72 27| 15| 71
1 13 | 30| 1s| 73| 30| 15| 73| 30| 15] 73
2 | 2 | 66| 12] 79 66| 12| 79| 66| 12] 79l
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