UNIVERSITY OF SOUTHERN CALIFORNIA
DEPARTMENT OF CIVIL ENGINEERING

EMPIRICAL MODELS
OF THE DURATION OF STRONG EARTHQUAKE GROUND MOTION
BASED ON THE MODIFIED MERCALLI INTENSITY
by

Elena I. Novikova and Mihailo D. Trifunac

Report No. CE 94-01

Los Angeles, California
May, 1994






ABSTRACT

In this work, the duration of the strong motion part of a function f(t) describing
ground motion at a site (acceleration, velocity or displacement) is defined as the sum
of the time intervals during which the integral fot f2%(r)dr gains a significant portion
of its final value. To determine frequency dependent duration, we filtered the signal
through 12 narrow band-pass channels, and evaluated the duration separately in each
channel. The main purpose of this work is to develop new empirical regression models
of the so defined duration of strong earthquake ground motion in terms of the Modified
Mercalli intensity observed at the recording site and of the recording site conditions.
The duration is considered as being composed of two parts: (1) the duration of strong
motion if the recording station was located on basement rocks and (2) the prolongation
of this duration if the station is located on sediments.

We present a variety of the regression models of duration which differ from those in
the literature by considering new model parameters and by the larger and more complete
database used in the regression analysis. The model appropriate for each particular
case can be chosen among those presented. The choice depends on the availability of
information about the source, the propagation path, the intensity of shaking and the
site conditions.

A distribution function of the residuals of the predicted duration is proposed. This,
for example, allows to estimate the strong ground motion duration which will not be
exceeded with a given confidence level, if the intensity at the site (and, preferably, some
site properties) are known.
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I. INTRODUCTION

I.1. About this Study

Instrumental data are essential for all kinds of investigations of the amplitude and
the duration characteristics of strong ground motion. However, it takes time to accumu-
late sufficient and homogeneous data on regional estimates of the magnitude scale. As a
substitute for the instrumental data, a qualitative description of the earthquake effects
in terms of the Modified Mercalli Intensity (MMI) scale (Wood and Neumann, 1931) or
its equivalents can be used.

This work investigates the relationship between the frequency dependent duration
of strong ground motion and the Modified Mercalli intensity at the recording site, Iasas.
Regression equations, relating the duration of strong motion to Iprar can be found in
the literature (Trifunac and Westermo, 1976, 1977, 1982; Westermo and Trifunac, 1978,
1979). In this work, we use more abundant database, and we present models which
include new parameters and consider more detailed analyses.

As in the studies of Trifunac and Brady (1975a), Trifunac and Westermo (1977,
1982), Westermo and Trifunac (1979), Theofanopulos and Watabe (1989) and our previ-
ous work (Novikova and Trifunac, 1993), we consider the duration of the strong ground
motion, dur, as the sum of the duration of the rupture process at the source, 79, the
prolongation due to dispersion along the propagation from the source to the station, 7,
and the prolongation due to the multiple scattering in sediments and/or soft soils near
the recording site, Tregion and site:

dur =70 + 75 + Tregion and site- (1-1)

The first two terms, 79 + 74, we call “the basic duration.” It can be modeled in terms of
the magnitude of the earthquake and the source-to-station distance (Trifunac and Brady,
1975a; Trifunac and Westermo, 1982; Westermo and Trifunac, 1978; Theofanopulos and
Watabe, 1989; Novikova and Trifunac, 1993) or in terms of the Modified Mercalli in-
tensity of shaking at the recording site (Trifunac and Westermo, 1977, 1982; Westermo
and Trifunac, 1979). In this work, we develop two groups of regression equations. One
group considers the “basic duration” as a function of both the Modified Mercalli inten-
sity and the source-to-station distance. The second group of models does not include the
source-to-station distance in the model parameters. The models from the first, more de-
scriptive group, can be compared to the empirical equations, relating the duration to the
magnitude of the earthquake and the epicentral distance (Novikova and Trifunac, 1993).
The comparison allows us to study the MMI scale through several narrow frequency
“windows,” and find for which frequencies and distances the MMI is governed more by
the magnitude of an earthquake, than by the attenuation with distance. Historically,
the MMI scale has evolved dealing with description of the earthquake effects on older
structures. The damage of the modern and in particular long-period (tall) structures,
long span bridges or large dams is hard to describe by the MMI scale, because such



structures are not even mentioned in the definition of the scale. Thus, the correlations
of the frequency dependent duration of strong ground shaking with Ipsas should be use-
ful not only for the duration studies, but also because of the possibility to understand
better the “new” characteristics of the MMI scale at low frequencies.

The third term in Eq. (1.1), 7region and site (in what follows, we will shorten this
notation to 7is), can be expressed, for example, through the simplified geological classi-
fication parameter s (s = 2 for basement rock sites, s = 0 for sites located on sediments
and s = 1 for intermediate sites, as in Trifunac and Brady, 1975b), and the local soil
parameter sz, (as in Seed et al., 1976, s, = 2 for deep soil sites, sy, = 1 for stiff soil sites
and s = O for the sites located on local “rock”). This representation of 75 was used
by Novikova and Trifunac (1993) in the models of frequency dependent duration with
the “basic duration” expressed through the earthquake magnitude and the epicentral
distance. When the Modified Mercalli intensity is used as the “main” parameter in the
scaling equations (Trifunac and Westermo, 1976, 1977), the geological conditions at the
recording site have been also shown to influence the duration of strong motion. In this
work, we expand such analyses to include the scaling in terms of the local soil conditions
as well.

The s- and sp-description of the recording site conditions may, however, appear to
be too rough to adequately describe the effects causing the prolongation of the duration
at stations located on sediments. Westermo and Trifunac (1978, 1979) and Trifunac and
Westermo (1982) used the depth of sediments under the recording site, k, instead of the
parameter s for description of the geological conditions at the site and their influence
on the duration. In these works, 7. was considered as a linear function of h, although
it was mentioned that such a dependence may not be physically meaningful. Novikova
and Trifunac (1993) developed another, more detailed, representation of the term 7.
as a function of (a) the depth of sediments, h, under the recording station, (b) the
characteristic horizontal dimension of the valley R—the distance from the station to the
rocks, which reflect seismic waves coming from the source, in the direction of the station,
and, thus produce some prolongation of the duration of strong motion, and (c) the angle,
subtended at the station by those rocks, ¢, which characterize the overall “power” of
the horizontal reflections. The last two parameters, R and ¢, can be estimated, for
example, from the “Map showing distribution and configuration of basement rocks in
California” by Smith (1964). It was found that 75 can be modeled by a sum of a linear
function of ¢ and a coupled quadratic function of R and h. The latter corresponds to
the qualitative analysis of how the duration should depend on the horizontal and the
vertical dimensions of the sedimentary deposits. The duration increases with the increase
of these dimensions up to some intermediate values of A and R because of the delayed
arrivals of the waves which experienced reflections inside or at the boundaries of the
sedimentary valley. Further increase of h and R causes a decrease of the duration due
to attenuation of the late arrivals, which propagate along longer paths. In Novikova and
Trifunac (1993) the described form of 7, was used together with the “basic duration”
70 + Ta expressed in terms of the earthquake magnitude and the epicentral distance. In



this work, we utilize this same form of s in models of the duration with intensity-type
“basic duration.”

It is of interest in practical applications not only to the be able to predict the
expected value of the duration of strong ground motion, but also to evaluate the prob-
ability of exceedance of any given duration at a particular frequency. One can estimate
this probability from the distribution functions of the residuals. We use here the same
distribution function of the residuals as the one used by Novikova and Trifunac (1993).
The coefficients of this function are adjusted for each model at each frequency band.

The regression equations and the distributions of the residuals presented in this
work are fully applicable only in the region were the strong motion data used in the
regression analyses were collected, i.e. in the Western United States and, in particular,
in California. It might (and it will) happen that a different geological environment
can change the prevailing earthquake mechanism, the distribution of the hypocentral
depths of the sources, the velocities and the attenuation factors, and other possible
conditions that influence the values of the regression coefficients. Also, the intensity
scales used in other parts of the world are significantly different from the MMI scale.
Another restriction in the application of our models comes from the “completeness” of
the database we used for the regression analysis. The database covers only a restricted
range of earthquake magnitudes, distances to the epicenter, intensity at the site and
other parameters. We assume that only predictions coming from interpolation, not
extrapolation, may be acceptable. However, our equations can probably serve as a
starting point for analysis of data from other regions and other databases. The proper
adjustments of the frequency dependent coefficients in our models may appear to be
sufficient to get the regression equation suited for a different region. This releases the
investigator from the lengthy work of searching for a physically justified empirical model,
and requires only the effort of implementing the regression analysis with already existing
equations. Also, the database necessary to develop the regression equations should be
more abundant than the database required for the adjustment of the existing models to
the new region.

I.2 The Definition of Duration

The first studies of the dependence of the duration on magnitude (Housner, 1965)
and on epicentral distance and magnitude (Esteva and Rosenblueth, 1964) did not
present quantitative definitions of duration. Page et al. (1972) define the duration to
be the time interval between the first and the last time when the acceleration exceeds
the level of 0.05 g (“bracketed” duration). Husid et al. (1969) define the duration as
the time interval during which 95% of the total energy (eventually observed at the site)
is coming to the recording station. Trifunac and Brady (1975a) define the duration
of the excitation function f(t), which can be acceleration, velocity or displacement, as

the shortest time interval during which 90% of the integral fot" f2(r)dr is achieved (to
designates the length of the digitized record). Bolt (1973) suggested that the duration



of strong ground motion should be considered separately in several narrow frequency
bands, as it is physically a frequency dependent quantity. Trifunac and Westermo (1976,
1977, 1982) and Westermo and Trifunac (1978, 1979) followed this idea and developed
frequency dependent definition of duration, based on the earlier work of Trifunac and
Brady (1975a). Kawashima and Aizawa (1989) studied the bracketed and introduced
the normalized duration, which they defined as the elapsed time between the first and
the last acceleration excursions greater than u times the peak acceleration 0O<u<).
McCann and Shah (1979) based their definition of the duration on the time dependent
root-mean square acceleration, arms(t). The derivative of a,ms(t) identifies the time after
which arms(t) is always decreasing, and this time is used as the upper cut-off time of the
strong motion portion. The lower cut-off time can be obtained by applying the above
procedure to the record with reversed time. Vanmarcke and Lai (1980) introduced a
definition of duration of strong ground shaking using an idealization of the earthquake
as a segment of limited duration of a random process with constant spectral density
function. Their definition relates the Arias intensity, the maximum acceleration at the
site, the predominant period of earthquake excitation and the root-mean square acceler-
ation to the duration of strong ground motion. Mohraz and Peng (1989) introduced the
structural frequency and the damping into the definition of duration and used a low-pass
filter for computing the duration.

The definition of duration, as used by different investigators, progressed from the
simple “bracketed” duration towards the frequency dependent, structural response ori-
ented functionals. The seismic energy and the rate of the seismic energy input are
considered now as the main tools in the definition of duration. Many definitions utilize
the integral of the type fot f2(r)dr, where f(t) is acceleration, velocity or displacement.

These integrals can and do have specific physical meaning. For example, fot vZ(r)dr is
proportional to the total energy, transmitted by the seismic waves past the recording
point. The time derivative of this integral gives the power of the seismic excitation

as a function of time. The time derivative of [, a?(r)dr gives a2,,(t). The functional
to

o_ a*(r)dr is proportional to the work (per unit mass) done during the time interval from
t = 0 to t =ty by all the forces acting on a single-degree of freedom viscously damped
oscillator, exited by the acceleration a(t). When the length of the record to is suffi-
cient to capture all significant motions at the recording site, the functional f;" a®(r)dr
is related to the Arias intensity. The probabilistic prediction of the response, f(t), of a
multi-degree of freedom structure can be characterized in terms of the number of peaks

of f(t) during the entire history of the excitation, the width of the power spectrum of
1/2
f(t) and the value of (1 /to)-( 0t° f 2(T)d'l‘) (Udwadia and Trifunac, 1974; Amini and

Trifunac, 1985; Gupta and Trifunac, 1987, 1988, 1990a,b, 1991, 1992).

The portions of the record where |, g f2(7)dr has its fastest growth can be related to
the definition of the strong motion part of the excitation. Such definition of the strong
motion duration can then be linked to various physical phenomena, whose description
involves integrals of this type. Hence, following the works of Trifunac and Westermo, we
will accept the definition of the strong motion duration of a function f(t), where f(t)



is acceleration, velocity or displacement, as the sum of time intervals during which the

integral f(f f2(7)dr has the steepest slope and gains a significant portion (90% ) of its
final value.

The duration of strong ground shaking depends on the frequency of the motion.
We account for this by studying the duration as a function of various parameters in
12 separate frequency bands, here called “channels.” The central frequencies of these
channels cover the span from fo = 0.075 Hz to f, = 21 Hz. The signal corresponding to
each channel is obtained by band-pass filtering the original (wide-band) records by the
Ormsby filters. The values of the roll-off and the cut-off frequencies of the Ormsby filters
and their central frequencies fo are listed in Table 1.1. Band-pass filtering is applied to
each component of acceleration, velocity and displacement.

The definition of duration we use in this report 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) and Bolt (1973) do carry this information.
However, the knowledge of the frequency dependent duration in this “relative” sense
combined with the information about the Fourier spectral amplitudes at all frequencies
(Trifunac, 1989a,b,c) provide a fairly complete description of the strong motion.

A useful feature of our definition is that, unlike some other physically related def-
initions (McCann and Shah, 1979; Vanmarcke and Lai, 1980), it considers the strong
motion part as being composed of several separate strong motion portions, and the be-
ginnings and the ends of all of these portions (pulses) can be specified. The definition of
the duration of strong motion as one continuous time interval is not meaningful for some
records. The information on the arrival time of each separate strong motion pulse and
on its duration can be used to study the source of the earthquake and the related wave
propagation phenomena (Novikova and Trifunac, 1993). Note also that this additional
information about the “structure” of the strong motion can be used in further devel-
opment of the definition of the strong motion duration. Thus, considering the energy
dissipated by the structure in the time “gap” between two strong motion pulses and the
root-mean square amplitude of the excitation function in this gap and in the pulses, one
can determine whether the structure is going the “see” two consecutive strong ground
motion pulses as one continuous strong excitation.

The procedure for calculating the frequency dependent duration in each channel of
the recorded (and narrow-band-filtered) acceleration (and of the velocity and displace-
ment obtained from it, Trifunac and Lee, 1979) is summarized in Fig. 1.1. The band-pass
filtered f(t) is shown at the top of the figure. The result of integration I(t) = fot f2(t)dt
is shown in the center together with its smoothed version, sy (t). The reasons for the
smoothing of the integral are discussed in detail by Novikova and Trifunac (1993). The
values chosen for the corner frequencies of the smoothing filters in each channel are
listed in Table 1.1. Note that the actual width of the pulses shorter than about 3 sec
cannot be measured even in the high frequency channels after such a smoothing. We are
primarily interested in the applications to structural response. When a lightly damped
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Fig. 1.1 The definition of the duration illustrated for the east acceleration component
of the Morgan Hill earthquake, band-pass filtered by the channel #4 filters (central

frequency 0.37 Hz):

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

b) fg f2(r)dr and its smoothed version;

c) the derivative of the smoothed integral of f%(t) and its threshold level p,,. Time
intervals giving contribution to duration with u = 0.9 are highlighted.
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structure is exited by the strong ground motion, the short pulses of the excitation func-
tion with short time gaps of “silence” inbetween them are smoothed out in the response.
Being concerned primarily with the relatively long pulses of strong motion, we apply
the smoothing filter to the exitation function. The duration of strong ground motion,
dur, is then defined as the sum of several time intervals [t‘(l);t,@)], in which Iy, (¢) has
the steepest slope. The sum of the gains of I(t) in those time intervals is equal to the
fraction u of the total integral I(to), where ¢, is the length of the strong motion record.
The portions of the record with the steepest slope of Iy, (t) are identified as those time
intervals where the derivative d[Ism(t)] /dt is bigger than some threshold level p,, (bot-
tom of the Fig. 1.1). The value of p, can be obtained in each case when u is specified. In
this study, we assumed x = 0.9. Some empirical models were tested with u = 0.75 and
p = 0.95, and no significant differences in the major overall trends were found. From
this point on, we will refer to the duration obtained by the procedure described above
as “observed” duration.

1.3 The Strong Ground Motion Database

We used the uniformly processed data consisting of the three component “free
field” acceleration records obtained in the Western U.S. (Lee and Trifunac, 1987). Each
component of every record was digitized, integrated (to get velocity and acceleration)
and filtered to be noise-free inside a frequency band which depends on the quality of the
record, but is not wider than [0.05 + 25] Hz. The methods used in the digitization and
the processing of these records are described by Trifunac and Lee (1979) and by Lee and
Trifunac (1984, 1990). This database has 486 vertical and 984 horizontal components of
acceleration, velocity and displacement, generated by 106 earthquakes and recorded at
283 different sites.

Large number of these records was generated by the San Fernando earthquake in
1971, which had magnitude M = 6.4. Excluding this event, the database has relatively
uniform converge of magnitudes from M = 4.0 to M = 6.5 with just a few records
available for M ~ 3 and M > 7 (Trifunac, 1991). Epicentral distances are uniformly
represented in the range A < 50 km with the number of available records progressively
diminishing beyond A = 60 km. The determination of the hypocentral depth is generally
not reliable in the region with a shallow seismogenic zone (in California, the depth of the
seismogenic zone is about 20 km). The hypocentral depth can be obtained accurately
only if the earthquake happens to be recorded by a dense array, which is not always the
case. All the earthquakes recorded in 1930’s through 1950’s were reported to have focal
depth of 16 km. This results from the old practice to assign the location of hypocenters
to some selected “standard” depths. In our database, the hypocentral depth of the
majority of the events is < 16 km.

The following information about the recording sites is available. Roughly, the ge-
ological conditions at the site are described by the parameter s (Trifunac and Brady,
1975b). Sites located on sediments are marked by s = 0, sites located on geological



(basement) rock are labeled by s = 2, and s = 1 stands for the intermediate sites. We
will also use the soil classification factor s; (Seed et al., 1976), which describes the sites
on a “local scale,” once the properties on the “geological scale” are specified in terms of
the parameter s. For deep soil sites s;, = 2 (soil layer deeper than 100m), and sy =1
for stiff soil sites (soil layer 15+ 70 m deep). In both cases, the shear wave velocity in
the soil should be less than 800 m/sec. If the shear wave velocity in the soil exceeds 800
m/sec, the site is classified as “rock,” s, = 0. The distribution of sites among different
s and s, is not even, with a small number of stations located on geological basement
rock and at “rock” soil sites. Also, at present, the parameter sz, is not known for some
stations.

For many of the sites, a more detailed geological description is available. The
depth of sediments under the stations varies from A =0 to h = 7 km. The parameters,
characterizing the geometry of the basement rocks, appearing on the earths surface, were
obtained from the Smith’s map (1964). The angle, subtended at the recording site by the
rocks, capable of producing reflections of the seismic waves towards the station, ranges
from 5° to 300°, with the majority of cases having ¢ < 180°. The distance from the
recording station to those rocks varies from R =1 to R = 75 = 80 km. A more detailed
description of the data set can be found in Novikova and Trifunac (1993).

The site intensity is the main parameter in our models, and it deserves a special
attention. The database covers the range of the Modified Mercalli intensity, Iasas, from
II to X. The coverage is, however, not uniform: 90% of the data points have Insas equal
to V, VI or VII (Fig. 1.2). Only about one third of all the records have the Modified
Mercalli intensity, Ipsar, actually recorded at the site. The missing values were estimated
from the equation, proposed by Lee and Trifunac (1985).

Inere = 1.5-M +1.12 — 0.856:In A — 0.015-A — 0.26-s, (1.2a)

where A is “representative distance”

A =+/A?+ H? + L2, (1.20)

A designates the epicentral distance, H is the hypocentral depth, L stands for the source
dimension, and s is the geological classification parameter. The estimate of the source
dimension was obtained from

L =L(M) {1 — exp (é}%r;;_)l) } , (1.20)

where L(M) is an empirically determined linear function of magnitude, M, such that

for M =3  L(M)=0.2km,

(1.2d)
for M =6.5  L(M)=17.5 km.
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All lengths related to the source are measured in km. The logic that leads to Eq. (1.2c)
is as follows (Trifunac and Lee, 1985, 1990). It is reasonable to assume that if the site
is “far enough,” relative to the size of the fault, the whole fault will be “felt” at this
site. It may be questionable, however, that the same assumption can be true for small
distances from the fault. This is related to the fact that the fault size is not present
in the expression of Fourier amplitudes of the near field motion (Brune, 1970; Trifunac,
1973). So, in Eq. (1.2), the “effective” size of the fault, L, is obtained by scaling the
estimate of the fault length, L(M), by some factor. This factor is equal to zero when
the epicentral distance is zero. At A = L(M), the factor is equal to 0.9 which means
that 90% of the fault size is “felt.” When the epicentral distance grows, the value of this
factor gradually approaches 1.

Eq. (1.2) fits the data for short and intermediate epicentral distances (say, up to
160 km), and underestimates Ipsas for large epicentral distance. Eq. (1.2) was obtained
by the regression analysis on the same data set used in this work. The quality of the
fit is shown on Fig. 1.3. The observed intensities are plotted versus the representative
distance A. Each data point is shown as a shaded circle, with the diameter of the
circle proportional to the earthquake magnitude. The estimate of Ipsps from Eq. (1.2) is
presented by a family of solid lines, each line corresponding to a certain magnitude. The
range of magnitudes is from M = 3 to M = 8, with increments of 0.5. The beginning of
each line is marked by a circle in a square box, with the diameter of the circle proportional
to the magnitude the line corresponds to. The estimates are shown for H = 5 km and
for recording stations located on basement rock (s = 2). As only a few records in our
database were obtained at epicentral distances greater than 160 km, and because many
of those were not considered in the regression models of the duration of the earthquake
related strong ground motion, due to their low signal to noise ratio, we assumed that
Eq. (1.2) can be used to estimate the missing data on the Modified Mercalli intensity.
These estimates, together with the reported Ipsas, can be used in one homogeneous data
set in the studies of the relation between the duration of strong ground motion and the
Modified Mercalli intensity.

The subset of data that could be used in the study of the duration was carefully
selected from the original database. The selection procedure we used is based on simple
physical considerations and is described by Novikova and Trifunac (1993). Each channel
of acceleration, velocity and displacement of each record was analyzed separately. Cases,
where the duration of strong motion was obviously longer than the length of the record-
ing, were not included in the analysis. Also, cases with low signal to noise ratio were
disregarded (we used more stringent criteria than those used by Trifunac and Lee, 1979,
in the initial data processing during the compilation of the database). Fig. 1.4 shows the
number of accepted acceleration, velocity and displacement band-pass filtered records at
each channel, separately for horizontal and vertical components. At each channel, data
from all three functions (acceleration, velocity and displacement) were used in the subse-
quent analysis as one uniform data set. The justification for this procedure is discussed
by Novikova and Trifunac (1993).
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II. THE TERMS INVOLVED IN THE DURATION MODELS

The purpose of this Chapter is to introduce the terms used to represent the “basic
duration,” 7o + 74, and the “prolongation due to site conditions,” Trs, from Eq. (1.1).
Later, in Chapter III, we will use these terms in our models of the duration of strong
motion. The numbering of the unknown (regression) coefficients is chosen to be consis-
tent with our previous work (Novikova and Trifunac, 1993). Table 2.1 at the end of this
Chapter summarizes the notation used.

I1.1 “Basic Duration”

In the empirical models of the duration in terms of the earthquake magnitude
and epicentral distance, the terms 7o and 7o have specific physical meaning. Thus, 7o
represents the duration of the rupture process of the source and it can be modelled
through the earthquake magnitude. The term 75 gives the prolongation of the duration
due to dispersion (at low and moderate frequencies) and due to scattering (at high
frequencies). This is confirmed by (1) the good agreement of the estimates of the source
dimension as a function of magnitude, obtained from 7o, with the results of other authors,
and by (2) meaningful estimates of the regional wave velocities, obtained from 75 at
intermediate frequencies (Novikova and Trifunac, 1993). In the models of the duration
in terms of the Modified Mercalli intensity, however, these two terms, 7o and 75, should
be treated together, because the source and the propagation effects cannot be uncoupled
when the shaking at a site is measured by the MMI scale.

We will consider two representations of the “basic duration.” In the first represen-
tation, a simple possible form of the dependence of the duration, dur, on the intensity
at the site, Insas, is assumed:

70+ 7a = a1(f) + a10(f) - Insnas (2.1)

where a; and a;9 are unknown frequency dependent coefficients. These coefficients
have“contradicting” nature. From Fig.1.3, it can be seen that larger MMI may mean
larger magnitude of the earthquake or shorter epicentral distance. However, larger mag-
nitude implies longer duration, and shorter epicentral distance implies shorter duration.
So on one hand, the duration of strong ground motion should be longer when Insas
increases due to the assumed increase in the magnitude of the event, and on the other
hand, it should be shorter, when Ipsps increases due to a decrease in the epicentral dis-
tance. As a result, different trends prevail at different frequency bands. That can be
noticed in Fig. 2.1, which shows the observed duration as a function of the Modified
Merecalli intensity for all 12 channels. At low frequencies, the duration of strong motion
tends to decrease when the intensity increases. At high frequencies, the duration grows
with an increase of the intensity level.

14
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Fig. 2.1a Channels #1 and #2: the duration of strong ground motion as determined
from band-pass filtered acceleration, velocity and displacement, is plotted versus the
Modified Mercalli intensity. The vertical and horizontal components are shown com-
bined for each channel. For the clarity of this figure, a stripe of finite width on the
horizontal axis is assigned to each intensity level Ipsas, and the abscissa of each data
point, corresponding to this Ipsas, is chosen arbitrarily within this stripe.

At low frequencies, the duration tends to decrease when the intensity increases. At
high frequencies, the duration grows with the increase of the intensity level.
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Fig. 2.1b Channels #3 and #4: the duration of strong ground motion as determined
from band-pass filtered acceleration, velocity and displacement, is plotted versus the
Modified Mercalli intensity. The vertical and horizontal components are shown com-
bined for each channel. For the clarity of this figure, a stripe of finite width on the
horizontal axis is assigned to each intensity level Ipsas, and the abscissa of each data
point, corresponding to this Insps, is chosen arbitrarily within this stripe.

At low frequencies, the duration tends to decrease when the intensity increases. At
high frequencies, the duration grows with the increase of the intensity level.
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Fig. 2.1c Channels #5 and #6: the duration of strong ground motion as determined
from band-pass filtered acceleration, velocity and displacement, is plotted versus the
Modified Mercalli intensity. The vertical and horizontal components are shown com-
bined for each channel. For the clarity of this figure, a stripe of finite width on the
horizontal axis is assigned to each intensity level Irsas, and the abscissa of each data
point, corresponding to this Ipsps, is chosen arbitrarily within this stripe.

At low frequencies, the duration tends to decrease when the intensity increases. At
high frequencies, the duration grows with the increase of the intensity level.
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Fig. 2.1d Channels #7 and #8: the duration of strong ground motion as determined
from band-pass filtered acceleration, velocity and displacement, is plotted versus the
Modified Mercalli intensity. The vertical and horizontal components are shown com-
bined for each channel. For the clarity of this figure, a stripe of finite width on the
horizontal axis is assigned to each intensity level Insas, and the abscissa of each data
point, corresponding to this Ipsas, is chosen arbitrarily within this stripe.

At low frequencies, the duration tends to decrease when the intensity increases. At
high frequencies, the duration grows with the increase of the intensity level.
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Fig. 2.1e Channels #9 and #10: the duration of strong ground motion as determined
from band-pass filtered acceleration, velocity and displacement, is plotted versus the
Modified Mercalli intensity. The vertical and horizontal components are shown com-
bined for each channel. For the clarity of this figure, a stripe of finite width on the
horizontal axis is assigned to each intensity level Insas, and the abscissa of each data
point, corresponding to this Ipsas, is chosen arbitrarily within this stripe.

At low frequencies, the duration tends to decrease when the intensity increases. At
high frequencies, the duration grows with the increase of the intensity level.
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At low frequencies, the duration tends to decrease when the intensity increases. At

high frequencies, the duration grows with the increase of the intensity level.
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The other representation of the “basic duration” includes the distance to the source
as one of the model parameters. Although we assume that no instrumental data are
available, the models where 7o + 7o depends on both the intensity at the site and the
source to site distance are worth considering. First, these models can provide some
useful information on the nature of the MMI scale. Second, the position of the epicenter
can be approximately located even if no instrumental data are available, by creating the
map of the Modified Mercalli intensities and finding the point where Iys)s reaches its
maximum.

What kind of distance should this be and in what manner should it be included in
the regression equations? The answer to this question depends on the correlations of the
Modified Mercalli intensity with the earthquake magnitude and on various definitions
of the distance: epicentral, hypocentral, closest distance to the fault, and others. Only
about one third of the database had the Modified Mercalli intensity actually observed
at the recording site (Fig. 1.2). The remaining two thirds of the data on Ipsas were
estimated using Eq. (1.2) and the “representative distance” in Eq. (1.2b) in particular.
Thus, it is logical to use this “representative distance” from the source to the site in
our regression equations, which relates the duration of strong ground motion and the
Modified Mercalli intensity at the site. To take advantage of the “representative dis-
tance,” an estimate of the source dimension L(M) should be available. However, we do
not wish to use the earthquake magnitude in the development of the models of duration
in terms of the Modified Mercalli intensity. The use of magnitude would contradict the
assumption that no instrumental data are available. Thus, this restriction prevents us
from taking advantage of the “representative distance” A, and the best we can do is to
consider the hypocentral distance A’ = /A2 + H? as an approximation to A. The use
of the hypocentral distance requires knowledge of the hypocentral depth H, which would
not be available if there was no instrumental record on the earthquake. However, in the
regions with seismogenic zone which can be described reasonably well (like San Andreas
fault system in Central and Southern California), the prevailing hypocentral depth can
be estimated. Also, the detailed studies of the rate of attenuation of the intensity with
distance may be used to estimate the hypocentral depth (e.g. Shebalin, 1969; Trifunac
and Todorovska, 1989). In our case we assumed H = 5 km for all the sources with un-
known hypocentral depth. This particular value comes from the distribution of records
produced by the sources with known H.

The functional form of the dependence of 79+7a on Ipspr and A’ can be obtained by
combining Eq. (1.2a) with the established functional dependence of 7o on the magnitude
M

To=a; +ay-M + az-M?, (2.2)

and the functional dependence of 7o on the epicentral distance A
TA = aq°4, (2.3)

where a;, 1 = 1 + 4, are frequency dependent regression coefficients (Novikova and
Trifunac, 1993). From the analysis of the Egs. (1.2a), (2.2) and (2.3), it is also seen that
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the dependence of 79 + 7o on the intensity and on the distance should be coupled. To
avoid the usually unstable nonlinear regression analysis and to use the simplest possible
functional form for 7y + 74 which would allow such coupling, we consider

70+ 7a = a1(f) + a10(f) - Inams + aa(f)-A" + ago(f)-Ineps A, (2.4)

where a;, a9, a4, and ayy are some unknown frequency dependent coefficients. The
data (related to the functional form in Eq. (2.4)), are displayed in Fig. 2.2. For each
channel separately, the observed duration is shown as a function of two parameters: the
Modified Mercalli intensity at the recording site and the hypocentral distance. The data
for the horizontal and for the vertical components are displayed together. The duration
is shown averaged over the ranges of A’ and Insys given by

Aj< A< AL, A} = 201, 1=0+8
(Inam) = (Inam) ks (Imm)e =k + 2, k=0=x+8

The intervals of A} and (Iapa)k are shown by the dashed mesh, with the density of
shade inside every “box” proportional to the averaged duration. The scale of shades
used is also shown. As it can be seen from the data, the behavior of the duration as a
function of Ipsas is different for different hypocentral distances A’.

I1.2 Prolongation due to Site Conditions

To model the “prolongation” term 7, in Eq. (1.1), we consider two descriptions of
the recording site conditions: a “detailed” description of the geometry of the sedimentary
basin where the site is located, and a “rough” description of the geological and the local
soil conditions through the qualitative parameters s and sg,.

As it was shown by Novikova and Trifunac (1993), the prolongation of the duration
at sites on sediments can be modelled by

Trs(f) = as(f)-h + as(f) R+ a7(f)-hR + ag(f)-R® + ag(f)-h* + aro(f)0, (2.5)

where h is the depth of sediments under the station (vertical dimension of the valley). R
in the above equation is the distance from the station to the rocks or clusters of rocks,
appearing on the earth’s surface and capable of reflecting the seismic waves towards
the station. The intensity of these secondary (reflected) waves is governed by the angle
©, subtended at the station by the surface of the rocks which actually reflect some
considerable amount of the seismic energy to the station. For given site, parameters R
and ¢ may depend on the source position. The values for R and ¢ for each record (each
pair source-station) were measured from the Smith’s map (1964). An example of such
measurements is shown in Fig. 2.3

The form of the dependence of 7,5 on R, h and ¢ as in Eq. (2.5) was chosen for the
following reasons. We consider the p-term first. If the angle o is small, the reflected wave
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37°50' 4 L 37050

37° 40' - L 37° 40"
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122°10' 122° 121°50’ 121°40' 121° 30’

basement rock on the surface

| bays m scale * source

stations, their numbers and angles ¢

Fig. 2.3 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 characteristic horizontal distance to these rocks, R) for the Livermore
earthquake, January 26, 1980, recorded in the San Francisco bay area. Distribution
and configuration of the basement rocks are taken from the Smith’s (1964) map. With
superscripts, corresponding to the station number, R(Y) = 20 km, R(?) = 30 km, R®) =
25 km, R4 = 45 km, R(®) = 45 km and (1) = 70°, p(2) = 40°, p(®) = 70°, (4 = 40°,
©(8) = 30°.
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carries little energy and cannot be noticed relative to the background of the other waves.
An increase of © leads to an increase of the duration of the reflected pulses, because larger
@ implies longer reflecting surface and increases the variety of the sampled lengths of
the source-rock-station propagation paths. These considerations suggest that 7.4 is an
increasing function of ¢. The data (see Novikova and Trifunac, 1993) suggest that the
dependence 75 on ¢ can be assumed to be linear.

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 dury) and the reflected
pulse (of duration dur;) will be observed at the station almost simultaneously without
producing significant increase in the duration of the strong motion. Next, we increase R.
The time delay between the two pulses of energy causes separation of the corresponding
intervals of strong motion in the accelerogram, and the total duration is longer now and
equal to dury + dur;. Further increase of R causes an increase of the time which the
reflected surface waves spend travelling through the dispersing medium. This causes an
increase of durz, and results in further prolongation of the total duration dur; + dur,.
Next we make R very big. The second pulse, the one that was generated by reflection
from the remote rock, has experienced strong attenuation and is now so weak that it
can be hardly noticed in the background of the scattered waves. The further the rock is,
the weaker the pulse will become. Therefore, two ranges of the horizontal characteristic
dimension (distance to the reflecting rock) exist: small R, where the duration of strong
motion grows with increasing R, and large R, where the effect is just the opposite.
The simplest way to describe such a dependence on R is to use a parabolic function,

const; + constz'R + consts-R?, where const;, ¢ = 1,2,3 are some constants, and we
expect constz < 0.

The dependence of 7,5 on h is similar to that on R, with only difference in the
scale, due to the fact that h describes the dimension perpendicular to the predomi-
nant direction of the strong motion wave propagation. It can be described by another
parabolic function, consty + consts-h + constg-h?, where const;, ¢ = 4,5,6 are some
constants, and we expect constg < 0.

Due to the complex geometry of the sedimentary deposits, the dependence of 7¢
on R and h is coupled. Thus, renaming the coefficients and excluding the constant term
(which belongs to the “basic duration” term in the regression equations), we arrive at
the representation of 7s by Eq. (2.5). If not all of three parameters R, h and ¢ are
available, the “truncated” term 7.

7es(f) = a6(f)-R + ag(f)-R? + a10(f)- (2.6)

or

Trs(f) = as (f) -h + ag(f) 'h2 (27)

can be used.

If none of the parameters R, h or p are available, the site can be roughly described
by the geological classification parameter s (s = 0 for sites on sediments, s = 2 for sites
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on basement rock, and s = 1 for sites on intermediate geology), and by the local soil
parameter sy, (s = 2 for deep soil sites, s, = 1 for stiff soil sites, and s, = 0 for local
“rock” sites). We consider 7., to be composed of two parts, the prolongation due to the
presemie ())f sediments under the station, Tr(: ) , and the prolongation due to the local
soils, 7rs .

The parameters s and sy, are qualitative variables (each takes on only three discrete
values) and so need to be considered in a different way than the conventional quantitative
variables (Montgomery and Peck, 1982). The term accounting for the local soil effects
can be written in the form:

o) = a1 (£)-S{) + ara(£)-SP, (2.8)

where .
S(l) _ {1, if S, = ].,
L - .
0, if sp #1,
(2.9)
S(2) _ {1, if S = 2,
L - .
0, if SL 7é 2.

In this representation, the coefficient a;; describes the change in the duration of strong
motion in the case of a site being on stiff soil conditions as compared with the “rock”
sites (s = 0). The coefficient a;5 accounts for deep soil sites, comparing those with
stations located on “rock.” This means that positive a;2 would show that the duration
of strong motion is longer at deep soil sites, than on “rock” sites. Positive a;; would
indicate the same in the case of stiff soil sites. By comparing a1; and a2, conclusions
about the degree of these prolongations can be made. Thus, a;2 > a;; would show that
the duration of strong motion is, on the average, longer at deep soil sites, than at stiff
soil sites, for example.

We consider the influence of the geological conditions in a similar manner:
Tr(:) == a13(f)‘5(1) + a14(f)-S(°), (2.10)

where

S(l)z{l’ if s=1,
0, if s#1,

S(O)z{l’ if s=0,
o, if s#0,

Here a3 shows the change in duration for the intermediate (s = 1) sites compared with
the basement rock sites (s = 2). The coefficient a4 displays the difference between
sedimentary sites (s = 0) and basement rock sites. The reason for considering S(°)
instead of S(?) (as it was done in Eq. (2.9) for the case of local soil conditions) is that we

(2.11)
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wish to disable all the site effects taking the rock sites (basement rock for the geological
classification and local “rock” for the soil classification) as reference.

The complete “prolongation due to site conditions” term, 7,5, can be obtained now
as the sum of 7) and ri2e), Unfortunately, simultaneous implementation of Egs. (2.8)-
(2.11) causes instability in the regression analysis. This is related to the highly uneven
distribution of the records among the rocky and the sedimentary sites. In the case where
the use of Eqs. (2.8)—(2.11) is impossible, the simplified (but rough) versions of 7&) and

72%) can be used:

88 = a15(f)-(2 — ), (2.12)
ret) = a1e(f)-si. (2.13)
Table 2.1 summarizes the notation and the numbering of the regression coefficients

used in this and in the next Chapter in the development of the empirical models of the

frequency dependent duration of strong earthquake ground motion. The terms described
by the Egs. (2.1) and (2.4)—(2.13) are included in the Table 2.1.
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III. THE REGRESSION MODELS

In this Chapter, 12 empirical regression models of the frequency dependent du-
ration of strong ground motion in terms of the Modified Mercalli intensity and other
parameters are presented. The algorithm for choosing the proper model, depending on
the parameters available, is proposed. Also, the distribution functions of the residuals
for all the models are presented.

Regarding the notation used in this Chapter, the duration estimated from any
of the models is called the “estimated duration,” or the “predicted duration.” The
value obtained from the data (acceleration, velocity or displacement) according to our
definition of the duration is called the “observed duration.” As before, we designate the
observed and the predicted duration of strong ground motion as dur. When we want
to show explicitly what the parameters of the model considered are, we list those in
parenthesis. For example, dur = dur (Iapm, s) should be read as “the total duration
of strong ground motion as a function of the Modified Mercalli intensity observed at
the site and the geological site conditions described by parameter s” (a constant term is
always included in the formula by default).

III.1 Models dur = dur(Ipa, A', ImA') and dur = dur(Inn)

The first model only includes the dependence of the duration of strong ground
motion on the Modified Mercalli intensity and the distance to the source in the form
of Eq. (2.1). That is, we consider first the case when no information about the site
parameters is available:

dur = a; (f) + alg(f)'IMM + a4(f)-A' + azo(f)-IMMA'. (3.1)

Eq. (3.1) was first fit to the data separately for the horizontal and for the vertical compo-
nents. No significant differences in the behavior of the frequency dependent coefficients
a19(f), a4(f) and ago(f) for the horizontal and for the vertical motion were observed.
However, the constant coefficient a4 (f) was found to be different in these two cases. Also,
the estimated duration appears to be negative at high frequencies for small hypocentral
distances and for very small intensities. This can be explained by the lack of data for
this combination of parameters. The final equation for the first model is then:

dur(h)(f) agh) (£) / '
{ dur®)(f) } - K{ o (5) } +a19(f)-Inm + a4(f)- A"+ azo(f)- I A ) ’1]

(3.2)
The hypocentral distance A’ is measured in kilometers. The superscripts (k) and (v)
correspond to the horizontal and to the vertical components of motion respectively.
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Eq. (3.2) was fit to the data in two steps. In the first iteration, instead of the
formula dur = max|(-), 1], the simple equation dur = (-) (i.e., Eq. (3.1)) was considered
and the coefficients {a1(f), a4(f), a10(f), a20(f)} sirst Were calculated. This first set was
used in the second iteration for the evaluation of the quantity (-). The data points for
which (-) < 1 sec were not included in the second iteration of the regression analysis.
The set {a1(f),a19(f), asa(f),a20(f)}secona is almost same as {a1(f), a19(f), asa(f),
a20(f)} sirst, and either of them can serve as a solution. The similarity between those
two sets of coefficients follows from the fact that the database does not include many
cases for which (-) < 1 sec.

Table 3.1 gives the regression coefficients of the model in Eq. (3.2) as ai(f) +
0i(f), where o?(f) are the variances of the values found. Zero values for a coefficient
correspond to the cases when |0;/a;| > 1. The number of the available data points N(f)
is very different at each channel, reflecting the statistical reliability of the regression
analysis performed. The average observed duration, dur,,, and the standard deviation
of the estimated duration from the observed value, o4y, are also listed. Note the strong

dependence of dur,, on frequency.

Graphical representation of the regression coefficients, plotted versus the central
frequency of the channels, is shown in Fig. 3.1. The duration of strong ground motion
does not depend on the Modified Mercalli intensity level for low frequencies of motion
(f<0.1 Hz). At these frequencies, the duration of the source rupture is shorter than the
period of the wave used to measure it. This results also in absence of the dependence of
duration of strong motion on the earthquake magnitude (Novikova and Trifunac, 1993).
There is no dependence on the distance to the source either, because essentially only one
mode of propagation of surface waves exists for such low frequencies (at local distances),
and no dispersion can be noticed (Novikova and Trifunac, 1993). Thus, no dependence
of the duration on the Modified Mercalli intensity should be expected.

The isolines of the strong motion duration at higher frequencies, (f20.1 Hz), as
predicted by Eq. (3.2), are shown for the horizontal component of motion in Fig. 3.2.
For a fixed intensity, the duration grows with distance due to the dispersion of the
seismic waves (Novikova and Trifunac, 1993). The dependence of the duration of strong
motion on the intensity at the site, for a fixed distance is more complex. The intensity,
by itself, is a function of the earthquake magnitude and of the distance to the source.
Being directly proportional to the magnitude, the intensity grows when the magnitude
increases. The intensity also grows when the distance to the source decreases. These
two trends result in what might seem as a “contradictory” behavior of the duration of
strong motion as a function of the intensity at the site. On one hand, the duration
should increase when the intensity increases, when the increase in intensity corresponds
to an increase of the magnitude. On the other hand, the duration should decrease
with increasing intensity, because the increase of intensity could correspond to a shorter
distance (with no change in magnitude). The resulting picture depends on which of
those two effects prevails. One should also remember that the intensity at a site is often
assigned by estimating the damage to structures sensitive to the short period part of
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Fig. 3.2a Channels #2 and #3: isolines of the duration (in seconds) of the horizontal
component of strong earthquake ground motion as predicted by the model in Eq. (3.2).
The numbers in the dashed “boxes” designate the number of the data points used in the
analysis for the particular range of intensities, Ipsas, and hypocentral distances, A’.

For each fixed Ipsps, the duration grows with A’. The dependence of the duration
on the intensity for fixed hypocentral distance depends on the frequency and on the
distance: the duration grows with Ipspas for the high frequency channels and decreases
for the low frequency channels. A smooth transition from one pattern to another can be
seen for the intermediate channels, where dur grows with increasing Ipsps for large A/,
and decreases with increasing Ipsas for small A’. See Fig. 2.2 for comparison with the
actual data.
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Horizontal component fo=.37 Hz
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component of strong earthquake ground motion as predicted by the model in Eq. (3.2).
The numbers in the dashed “boxes” designate the number of the data points used in the
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analysis for the particular range of intensities, Ipsas, and hypocentral distances, A’.

For each fixed Ipsps, the duration grows with A’. The dependence of the duration
on the intensity for fixed hypocentral distance depends on the frequency and on the
distance: the duration grows with Ipsps for the high frequency channels and decreases
for the low frequency channels. A smooth transition from one pattern to another can be
seen for the intermediate channels, where dur grows with increasing Irsps for large A/,
and decreases with increasing Ipsps for small A’. See Fig. 2.2 for comparison with the

actual data.
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Horizontal component fo=1.1 Hz
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Fig. 3.2c Channels #6 and #T7: isolines of the duration (in seconds) of the horizontal
component of strong earthquake ground motion as predicted by the model in Eq. (3.2).
The numbers in the dashed “boxes” designate the number of the data points used in the

analysis for the particular range of intensities, Iprar, and hypocentral distances, A’.
For each fixed Ipsps, the duration grows with A’. The dependence of the duration

on the intensity for fixed hypocentral distance depends on the frequency and on the
distance: the duration grows with Ipsps for the high frequency channels and decreases
for the low frequency channels. A smooth transition from one pattern to another can be
seen for the intermediate channels, where dur grows with increasing Ipsps for large A’,
and decreases with increasing Ipsas for small A’. See Fig. 2.2 for comparison with the

actual data.
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Horizontal component fo =2.5 Hz
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Fig. 3.2d Channels #8 and #9: isolines of the duration (in seconds) of the horizontal
component of strong earthquake ground motion as predicted by the model in Eq. (3.2).
The numbers in the dashed “boxes” designate the number of the data points used in the

analysis for the particular range of intensities, Ipsas, and hypocentral distances, A’.
For each fixed Ipsps, the duration grows with A’. The dependence of the duration

on the intensity for fixed hypocentral distance depends on the frequency and on the
distance: the duration grows with Ipsps for the high frequency channels and decreases
for the low frequency channels. A smooth transition from one pattern to another can be
seen for the intermediate channels, where dur grows with increasing Ipsps for large A/,
and decreases with increasing Insps for small A’. See Fig. 2.2 for comparison with the

actual data.
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Horizontal component fo=7.2 Hz
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Fig. 3.2e Channels #10 and #11: isolines of the duration (in seconds) of the horizontal
component of strong earthquake ground motion as predicted by the model in Eq. (3.2).
The numbers in the dashed “boxes” designate the number of the data points used in the

analysis for the particular range of intensities, Ipsar, and hypocentral distances, A’.
For each fixed Ipsps, the duration grows with A’. The dependence of the duration

on the intensity for fixed hypocentral distance depends on the frequency and on the
distance: the duration grows with Ipsas for the high frequency channels and decreases
for the low frequency channels. A smooth transition from one pattern to another can be
seen for the intermediate channels, where dur grows with increasing Ipsps for large A/,
and decreases with increasing Ipsps for small A’. See Fig. 2.2 for comparison with the

actual data.
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Horizontal component fo =21 Hz
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Fig. 3.2f Channel #12: isolines of the duration (in seconds) of the horizontal component
of strong earthquake ground motion as predicted by the model in Eq. (3.2). The numbers
in the dashed “boxes” designate the number of the data points used in the analysis for
the particular range of intensities, Insas, and hypocentral distances, A’.

For each fixed Ipsps, the duration grows with A’. The dependence of the duration
on the intensity for fixed hypocentral distance depends on the frequency and on the
distance: the duration grows with Ipsps for the high frequency channels and decreases
for the low frequency channels. A smooth transition from one pattern to another can be
seen for the intermediate channels, where dur grows with increasing Ipsps for large A/,
and decreases with increasing Ipsps for small A’. See Fig. 2.2 for comparison with the
actual data.
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the spectrum at the site. Long and short period waves attenuate with different rates,
so that a severe earthquake felt at a larger distance might have short period amplitudes
smaller and long period amplitudes higher, than a smaller shock, recorded at a smaller
distance. As a result, the behavior of the intensity scale at low frequencies may seem
“contradictory” at first. For long period waves (channels #2 and #3, fo = 0.12 = 0.21
Hz), the influence of the earthquake magnitude is not “felt” (Novikova and Trifunac,
1993), and the increase in Insps (for fixed distance) causes the decrease of the duration.
For high frequencies (fo > 2.5 Hz), the dispersion does not play as important role as
for low and for intermediate frequencies (Novikova and Trifunac, 1993). As a result, the
duration increases with the increasing intensity, because the latter is caused primarily
by a growing magnitude. In the intermediate frequency range (channels #4 + 7, fo =
0.37--1.7 Hz), the behavior of the duration as a function of intensity for a fixed distance
is of intermediate and dual nature. For large distances it resembles the behavior typical
for the high frequency channels. For short distances, the dependence of the duration on
intensity (when the distance to the source is fixed) appears to be similar to that for low
frequencies. The definitions of “long” and “short” should be scaled by the wavelength of
the channel considered. Once this scaling is taken into account, it is easy to understand
why the “transition” distance (where “short” distance borders with “long” distance)
moves towards the source when the frequency of motion becomes higher.

The model discussed above has the distance to the earthquake source as one of
the parameters. We assume that the depth of the hypocenter can be obtained from
teleseismic records, from the macroseismic field, or from geological field studies. The
location of the epicenter can also be estimated, if the intensities are known at many
locations surrounding the epicenter. However, the model which does not include any
distance to the source as a parameter, may appear to be more useful in practice. Such
a model would also be less region dependent, as it does not assume (explicitly at least)
any region specific dispersion or attenuation law. We next consider such a model:

dur®) (f) } [ ({ o™ (f) } ) ]
= max +a19(f)-IMM ,1 . (3.3)
ot 1)

Table 3.2 and Fig. 3.3 show the results of the regression analysis with this model, which
was performed in two steps, similar to those for the model in Eq. (3.2). The behavior of
the coefficient a9 (f) can easily be explained now by comparison with Fig. 3.2 (Eq. (3.2))
and by recalling the discussion on the nature of the dependence of the duration on the
intensity and the distance in the previous model. The duration decreases with growth of
intensity for low and intermediate frequencies, when the increase of intensity corresponds
to a decrease of distance. In the high frequency range (fo > 2.5 Hz), the duration

becomes longer when the intensity increases, and this shows that, for these frequencies,
the intensity is governed more by the magnitude, than by the distance to the source.
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III.2 Models dur = dur(Ipm, A', ImmA',s), dur = dur(Ingag, 5)

So far, we considered the sum of the first two terms, 7o + 7o, from the general
description of the duration of strong ground motion (Eq.(1.1)). We will call “basic”
models those models that only include these two terms. We now turn to the models
which include the site conditions term, r.s. We will start from the simplest models,
which only consider the influence of the geological conditions at the site, expressed
through the parameter s (see Eqgs. (2.9)-(2.10)). When Eq. (3.2) is taken as a “basic”
equation, the model has the form:

dur™ (f) (M)
{dur(”)(f) } - [({ o (5) } +a10(F)Inn + aq(f)-A"+ 0'20(f)'IMMA’) ’1]

+a13(f) 8D + ay4(f)-8©, (3.4a)

where A’ is measured in kilometers and

S(l)z{l, if s=1,
o, if s#1,

(3.4b)

S(O)z{l’ if s=0,
0, if s#0.

Recall here that s = 0 corresponds to sites on sediments, s = 2 stands for sites located
on basement rock and s = 1 designates intermediate sites (Trifunac and Brady, 1975b) .

The results of the regression analysis of Eq. (3.4) are shown in Table 3.3 and Fig. 3.4.
The set of coefficients {a;(f), a10(f), aa(f), az0(f)} is similar to the same set from the
model in Eq. (3.2). The comparison of the last two coefficients, a13(f) and a;4(f), with
their counterparts from the model were the “basic duration” 7o+74 is expressed in terms
of M and A (Novikova and Trifunac, 1993) shows remarkable similarity between these
two sets of coefficients. Such a similarity provides additional support for the methods we
use to construct our models, and for the models themselves. In this particular case, the
assumption that 7o + 74 can be modeled by Eq. (2.1) receives some additional support.

The influence of the geological conditions at the site is noticeable for the interme-
diate frequencies only. At low frequencies, the wavelength of the waves is too long to
“feel” the presence of the sediments, and at high frequencies, the attenuation effects
may overshadow the prolongation which is caused by multiple reflections in the sed-
iments (Trifunac, 1990). These reflections may be the main reason for the duration
on sediments being longer (on average) than the duration on rock sites (Novikova and
Trifunac, 1993). a14(f) shows that, for the sites on sediments, this prolongation can
be as much as about 5 sec (channel #6, fo = 1.1 Hz). a;3(f) gives prolongation for
intermediate sites of about 2.5 sec at the same frequency.
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We now turn to the second model which includes the influence of the geological
conditions at the recording site on the duration of strong ground motion. The “basic”
model in this case is the model in Eq. (3.3). The preliminary analysis showed that the
representation of the site-specific term in the form a13(f)-S™ + a14(f)-S© causes
instability of the inversion. So, we considered then the geological parameter s as a
“regular” quantitative variable. The corresponding model equation is, then:

{dur(h)(f)} [({as"’(f)} I ) } De-g @5
v = max + ajo IpMM ,1 + a5 (2 — s). 3.5
dur)(f) a{(f)

We use here the term a;5(f):(2 — s) instead of a;5(f)-s because we want the coefficient
a15(f) to be positive if the duration on sediments (s = 0) and on intermediate sites
(s = 1) is longer than the duration on basement rock sites (s = 2). The results of the
analysis of this model are given in Table 3.4 and Fig. 3.5. All the results agree with the

previously discussed models. The first three coefficients are very similar to those for the
model in Eq. (3.3), and

0,15(f) ~ 0.5-{013(f) + 0.5-a14(f)}

where a13(f) and ay4(f) are taken from the model in Eq. (3.4). The last relationship
is what might be expected when the effect of the geology is described in two different
ways; one way accounts for the qualitative nature of the parameter s (and gives the coef-
ficients a13 and a14), and the other one treats the parameter s as any other quantitative
parameter.

III.3 Models dur(Ipm,A',IMmA',s,s1) and dur = dur(Irm, s, L)

We next consider the influence of the local soil conditions at the recording site. This
influence was not considered before in the regression models of the duration of strong
ground motion with the Modified Mercalli intensity as the main scaling parameter. Recall
that s, = 2 for deep soil sites, s;, = 1 for stiff soil sites and sz, = O for local “rock” sites.
The attempt to use the “prolongation” term 7,5 in the form suggested by Egs. (2.8) and
(2.10), i.e.

7rs = 011 (£)-S) + a12(£)- S + a1a(£)-S® + ar4(f)-8©,

where $(1), §(0) g £l) and S 1(42) are defined by Eqs. (2.8) and (2.10), fails due to instability

of the regression. So, we use the model with simplified Tr(: )

() NOL,
{d 1) }  max [({ i } + a1o(f)-Tnan +a4(f)-A'+azo(f)-IMMA') 4
dur(")(f) a(lu)(f)

+a1s(f)(2 = 8) + a11(f)-S + a2 (£)-82, (3.6a)

part:
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where the hypocentral distance A’ is measured in kilometers and

S(l) _ {1, if S = 1,
L — .
o, if sp #1,
(3.6b)
3(2) _ {1, if S = 2,
L - .
o, if S # 2.

All the terms which include s or s, were chosen in such a way, that the corresponding
coefficients, coming out positive as a result of the regression analysis, would show pro-
longation of the duration on sedimentary and soft soil sites, compared to the basement
rock locations or soil “rock” sites.

The results of the analysis of the model in Eq. (3.6) are shown in Table 3.5 and
Fig. 3.6. The coefficients a1(f), a19(f), a4(f), a20(f) and a15(f) have functional forms
similar to those found in the previous models. The new coefficients, a11(f) and a12(f),
can be compared with their counterparts in the model which accounts for the geological
and local soil conditions and has the magnitude of the earthquake as the “master”
parameter of the model (Novikova and Trifunac, 1993). The behavior of a;;(f) and
a12(f) in the current model and in this “magnitude” model are remarkably similar, and
the additional duration (in both models) at the soft soil sites (compared with “rock”)
is about 7 sec for frequencies about 1 Hz, and about 3.5 = 4 sec at stiff soil sites for
frequencies 1 + 2 Hz. The influence of the geological parameter is more prominent at
lower frequencies, with maximum contributions at channel #4 (fo = 0.37 Hz). The
difference in the range of frequencies where the influence of the geological and the local
soil conditions is noticeable might come from the difference of the characteristic depth of
the corresponding “soft” layer (up to several kilometers in the case of sediments and not
more than several hundred feet in the case of local soils). Notice that the consideration
of the influence of the local soil condition on the duration of the strong ground motion
at the site is important. The prolongation of duration due to the presence of soft soils
under the station may be more prominent at some frequencies than the prolongation
due to the presence of deep sedimentary deposits.

The next model we consider is the simplified form of the previous one. Instead of
Eq. (3.2), the Eq. (3.3) is taken as the “basic” model:
+a15(f) (2 — s) + a16(f)-sL.

dur(®)(f) ai” ()
= max +a1o(f)Imm | 51
dur®)(f) a(lv)(f)
(3.7
The results of the regression analysis of this model are presented in Table 3.6 and Fig.3.7.
This “rough” model is hardly able to detect the influence of the local soil conditions on

the duration of strong ground motion, although the previous model in Eq. (3.6) allows
one to detect this influence.
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IIL4 Models dur = dur(Inas, A's IngrA', by R, R, B2, b2, )
and dur = dur(Ipm, b, R, hR, R?,h?p)

We turn now to the models which utilize the detailed description of the recording
site conditions trough (a) the depth of sediments under the recording site, h; (b) the
distance, R, to the rocks that can reflect towards the station the waves coming from the
source; and (c) the angle subtended at the station by the surface of the rocks capable
of producing effective reflections. First, we consider the most “complete” model, with

the “prolongation” term as in Eq. (2.5) and the “basic duration” as in the model in
Eq. (3.2):

dur(® (f) a'gh) (f) / '
{ dur®)(f) } - [({ (1) } +aso(f)-Toana + aa(£)-A + azo(f)-Inare ) ,1]

[agw (1) + 0 (1)-B + a{(£)hR + o ()-R? + o (1)-h? + all) (f)-so]
+
[ag"’ (1) +al) ()R +a” (f)-hR + af(£)-B? + ) (f)-h* + a3 (f "‘0]
+

(3.8a)

where all the distances are measured in kilometers and the sum of the terms involving
h, R and ¢ and designated earlier as 7y, is considered only if it is positive:

[Trs(f)]+ = max {0’ Trs(f)} . (3.8b)
The values of h, R and ¢ are assumed to be zero if the site is located on rock.

Eq. (3.8) was fit to the data in tree steps. The first two steps were similar to what
was used in the analysis of the model in Eq. (3.2), and the subscript “+” in Eq. (3.8a)
was not taken into account at these stages. During the third step, 7. was estimated
using the results of the second iteration, and the final set of coefficients was obtained.
As before, all three sets of the coefficients—the results of the three step fitting—are very
similar to each other.

The numerical results of the regression analysis are summarized in Table 3.7 and
in Fig. 3.8. The set of coefficients, responsible for scaling the duration in terms of the
intensity and the distance, {a1(f),a19(f),a4(f),a20(f)}, is very similar to what was
obtained in the model in Eq. (3.2), which did not include any geological parameters
(compare Figs. 3.1 and 3.8a). The coefficients {as(f) + a10(f)} are similar to their
counterparts in the “magnitude model” (Novikova and Trifunac, 1993), which scaled the
duration as dur = dur(M,MZ% A, h,R,hR,R?,h%, o). Fig. 3.9 gives the prolongation
of duration on sediments, as a function of R and h, when predicted by the model in
Eq. (3.8). As in the case of “magnitude-type” “basic duration,” this prolongation can
be only noticed at moderate frequencies (.5 + 5 Hz), where the seismic waves are not
long enough to pass through the sediments without “noticing” them, and not short
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Horizontal component fo =.63 Hz
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Fig. 83.9a Channel #5: isolines of the additional (relative to the basement rock sites)
duration (in seconds) of strong ground motion due to the specific geometry of the sed-
imentary basin, as predicted by the model in Eq. (3.8). Only the positive contribution
of the terms as-h + ag-R + a7-hR + ag-R? + ag-h? + a1 is considered. The numbers in
the dashed “boxes” designate the number of the data points used in the analysis for the
particular range of R and h.
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Horizontal component fo=1.1 Hz
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Fig. 3.9b Channel #6: isolines of the additional (relative to the basement rock sites)
duration %n seconds) of strong ground motion due to the specific geometry of the sed-
imentary basin, as predicted by the model in Eq. (3.8). Only the positive contribution
of the terms as-h + ag-R + a7-hR + ag-R? + ag-h® + a1 is considered. The numbers in
the dashed “boxes” designate the number of the data points used in the analysis for the
particular range of R and h.
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Fig. 3.9c Channel #7: isolines of the additional (relative to the basement rock sites)
duration (in seconds) of strong ground motion due to the specific geometry of the sed-
imentary basin, as predicted by the model in Eq. (3.8). Only the positive contribution
of the terms as-h + ag-R + a7-hR + ag-R? + ag-h® + a1 is considered. The numbers in
the dashed “boxes” designate the number of the data points used in the analysis for the
particular range of R and h.
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Fig. 3.9d Channel #8: isolines of the additional (relative to the basement rock sites)

duration %n seconds) of strong ground motion due to the specific geometry of the sed-

imentary
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asin, as predicted by the model in Eq. (3.8). Only the positive contribution
of the terms ag-h + agR + a7-hR + ag-R? + ag-h? + ay¢ is considered. The numbers in
the dashed “boxes” designate the number of the data points used in the analysis for the
particular range of R and h.
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Fig. 3.9e Channel #9: isolines of the additional (relative to the basement rock sites)
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asin, as predicted by the model in Eq. (3.8). Only the positive contribution
of the terms as-h + ag-R + a7-hR + ag-R? + ag-h? + a1¢ is considered. The numbers in
the dashed “boxes” designate the number of the data points used in the analysis for the
particular range of R and h.



enough to get significantly attenuated on the way through the sediments. The maximum
prolongation occurs at moderate depths (2-+3 km) and widths (3050 km) of sediments.
The additional duration can be as much as 5 + 6 sec at frequencies near 1 Hz. One of
the features, common for the “intensity-type” model and the “magnitude-type” model,
is the higher sensitivity of the horizontal motion to the horizontal dimension of the
sedimentary valley, R, and the greater influence of the depth of sediments (vertical
dimension) k, on the vertical component of motion. Notice also that practically all the
data points in Fig. 3.9 fall into the area where 7,5(R, k) > 0. Consequently, Trs(R, by ) =
Trs(R, h) + {contribution due to p} is greater than zero for even more data points. This
verifies our assumptions about how the presence of a sedimentary basin can influence
the duration of strong ground motion and provides additional support for our models.

We next turn to a simplified companion of the model just discussed which does not
include the source-to-station distance as a parameter:

dur®(f)\ a{M ()
{ dur(")(f) } = max [({ ag”)(f) } + alg(f)-IMM) ) 1] +

[ag'ﬂ (f)-h +al (£)R + a{P (£)-hR + ol ()-R? + a{® (7)-h2 + o{®) () -so]

+ e
[agv> (N)+h+al(£)-R +a{) ()-hR + af (£)-B? + 0§ (£)-h? + ol (f)-so]
+
(3.9a)

where all the distances are measured in kilometers, and 7,5 is accounted for only if it is
positive:

[TI‘S (f)]+ = max{O, Trs(f)} (3.9b)

As before, the values of h, R and ¢ are assumed to be zero if the site is located on
rock. Exactly as in the case of the previous model, Eq. (3.9) was fit to the data in
tree steps, results of which appear to be very similar to each other. The results of the
regression analysis are given in Table 3.8 and in Fig. 3.10. Recall, that the parameter
R was not “felt” that well by the vertical component of motion in the previous model.
In the current equation, this parameter cannot be “detected” at all by the vertical
component, and the coefficients aév) (f) and ag") (f) are equal to zero. In other respects,
the set {as(f) + a10(f)} from Eq. (3.9) is similar to the set {as(f) + ajo(f)} from
Eq. (3.8), but the coefficients are well defined in somewhat smaller frequency range.
This is what should be expected, because the removal of the distance to the source from
the set of the parameters of the model leads to higher scattering of data around the
model’s prediction and to additional uncertainties in the calculation of the very sensitive
coefficients {a5(f) + a10(f)}. The first three coefficients, agh) (N, a(lv)(f), and a19(f)
practically coincide with their counterparts from the model in Eq. (3.3), which scaled
duration as dur = dur(Ipm).
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IIL5 Models dur = dur(Imm,A',IMmA',R,R?,0), dur = dur(Ipm, R, R?,0),
dur = dur(Ipm, &', Iy A’ Ry R?) and  dur = dur(Inag, b, h?)

It is not always possible to obtain complete information about all the parameters,
involved in the description of a sedimentary basin, required for the models in Egs. (3.8)-
(3.9). We will present here four “truncated” models, which use the 75 term (see Eq. (1.1)
in the form defined by Eqgs. (2.6) or (2.7). The first two models deal with the case when
the depth of sediments under the recording station is not known, but the distribution of
rocks around it is available in terms of R and ¢. The more complete model is as follows:

dur®(f) ([ aP(f) , :
{dur(”)(f) } - ({ 0) } +aro(f)-Taana + aa(£)-A + azo(f)-Ineme A ) :

[aé"’ (7)-R+ oM (f)-B2 + a&’s’(f)-so]

+ 4 T, (3.10a)
200 R+ 1R+ 1))
\ +
where all the distances are measured in kilometers and
[]+ = max {0, [-]}. (3.100)

The results of the regression analysis for this model are presented in Table 3.9 and in
Fig. 3.11. As expected, the set of coefficients {a1(f),a19(f),as(f),az20(f)} is similar
to that in the model in Eq. (3.2), and the set {ag(f),as(f),a10(f)} repeats the main
features of the same set from the model dur = dur(M,M?%, A, R, R?, ) (Novikova and
Trifunac, 1993). Fig. 3.12 displays the positive contribution of the terms ag(f)-R+as(f)-
R? to the total duration, predicted by Eq. (3.10), for horizontal and vertical motions.
In the dur(Inar, A, ImmA', R, R?,p) model (Eq. (3.10)), the additional duration 7y
appears to be “averaged” over the depth of sediments h, when compared to the term 7.4
from the model dur(Ippr, A’ ImA' by R,AR, R? B2, ), in Eq. (3.8).

The simplified version of the model in Eq. (3.10) is

dur® ()| a{"(f)
{ dur(®) ) } = max [({ a,g")(f) } + a19(f)-IMM) ,1] +

[aé") (f)-R + a{ (f)-R? + o) (f)-so]

5, (3.11a)
A7) R+ (1R + o))
+
where all the distances are measured in kilometers and
[+ = max {0, [} (3.118)
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Fig. 3.12 Additional (relative to the basement rock sites) duration (in seconds) due to
the specific horizontal characteristic dimension of the sedimentary valley, R, as predicted
by the model in Eq. (3.10):

a) horizontal component;

b) vertical component.

his “truncated” model preserves the main features of the “complete” model

(Eq. (3.8), Fig. 3.9) regarding the behavior of the terms which describe the prolongation
of duration due to the specific geometry of a sedimentary basin.

85



si9joweied

Suipuodsoaiio)

TeonIoA TejuozLoy U
WAL 1 1
0} zd d o} d k!

: . 0rF | 90F | 90F

(A4 6'C o o o o o o 61T 9z- e CeL 1C 4!
) ) 80F | SOF | SoOF

I's | §¢ o 0 o 0 0 o | w1 | oz | ¢z | Y81 | ¢! 11
. . 60F | 90 | SoF )

9 Sy o o o o o o 90T <0 c'0- 9LST | TL 01
. . 0800 0200F orF | 90F | 90F .

oL Ly | eor0 0 0 | 810 0 0 | et s | Le L9ST | TY 6
; ‘ SZ00F | Y000 | SZ0F | 6100F | £000F | 910F | OIF | LOF | 90% .

16 | 8% | icio0 | co00- | c60r | ss100 | soo0- | cov | zs- | var | zor | S8TE | ST 8
) ) 6E00F | SO00F | ¥€0F | L200F | €000F | 220F | ¥1F | OIF | 60F )

81 | ©9 | yezor | zooo- | vor | 6szor | sooo- | ozr | 8- | os1 | ezr | SO8C | L L
: ) 6500 | LO0OF | 0SOF | L£00F | S000F | 0g0F | 12F | SIF | v1IF )

6Vl | L'L | j6c0 | 9000 | osr | 9seor | zzoo- | 1z | 661-| zvz | 60z | PPEC | 1] 9
3 . 0800 P00 T F | 07 | 817 .

8L | T6 | i 0 o | oLio o o | ssz-| ese | oge | VS8 | €90 s
) ) 1S00F $cF | 61F | 617 )

L0c | T8 o 0 o | oroo 0 o | sve-| eer | sor | 00T | LEO v
. : ovF | 8¢ | L7 ;

vic | L8 o 0 0 0 0 o | | zvs | eze | €96 | 1€0 ¢
: . 6LF | 95F | ¢oF ;

£8c | ST 0 0 0 o 0 o | ssge-| oes | 1vs | FIE | C1O 4
: . TeF | 0cF )

€8¢ | ¢01 o 0 0 o o o o | sze | sovr | LE [SLOO !

( >vo~ OF ( >vwbﬂ ( >vcbﬂ ASVHZ oF A&vwbﬂ Aavobﬂ 610+ ) To¥F Q._v.H oF
(03s) | (09s) | WO | ¥ | W% | @8 [ w®e | @% | §e | w'e | @' [ )N | (z) | requnu
remp | PO (,1BAISIUI-O,) sjwiod | 0F | ouweyy
fovinooe 119yl pue B S1USIDIJJo0)D MMM

(11°¢) ‘b ul [opowt Y3 jo sisA[eur UOIsSaISaI 9} Jo s3NsoY OT°E d[qelL

86



%96 parewyse Ioyy Aq pue (seur| paysep)
oY} Jo Adousnbaiy [erjued 8y} snsiea payjoid (11°¢) ‘b w [epow sy w (f)6'» pue (

_“ESH“_

szl 6lg -

*(soury peyjop
S[eAIdjUI-0, 119U} Aq PapuUNnoq aIe S)USIIL0d dY],

S[RAIS}UI SOUSPYUOD
*(sourp prjos) spuueyd
{)p syuaroyyeod ay], eLT'S ‘Sig

01—

87



*(sou1] pejjOp) S[RAISJUI 9OUSPYUOD Y GE PIJRUII)Sd Iy} Aq pue (soul| paysep)  S[eAId)UI-0, IIOY} Aq
POpUNOq dIe SJUSIDLYR0D JYJ, *(seul] pijos) s[euueyd 3y} Jo Adusnbaij [erjusd oy} snsiva payjord ‘(1T°¢) "by ul [ppour oy} uI
uorjowr jo jusuodwod (wo330q) [edrjres pue (doy) [ejuoziioy oYj} 10§ (f£)o1p pue (f)8p ‘(f)9p syusrdygeod Y], qeT'¢ ‘S1q

1S
- — 0
[ 4] ?ovm
- .H.
— N.
- %00°— 1e
4 200°- a4
1 1
— e 000 [4] me
- Ty
F 4] Ewm
— .H.
— N.
4 $00'- 1e
4 200°- 17
— m.
.

[4] T e

—— 000" _”m”_ Aﬂwvﬁ

88



The results of the regression analysis of this model are given in Table 3.10 and in Fig. 3.13.
The coefficients a;(f) and a19(f) behave as expected, i.e. are similar to their counter-
parts from the model in Eq. (3.3), where a; and a9 are the only coefficients present.
However, the rest of the coefficients in the present model in Eq. (3.11) do not quite follow
the behavior of the corresponding coefficients from the more complete “intensity model”
in Eq. (3.10) or the “magnitude model” dur = dur(M,M?, A, R, R?,p) Eq. (4.14). The
lack of information about the distance to the source makes the equation very approxi-
mate, and the results of the regression analysis are less precise.

The models

dur(® (f) agh) () / '
{ dur®(f) } - [({ a{"(f) } Fonolf)-Duet aulD)- 87 aaoll) Thares ) ’l]

[as"’(f)-h +a£,"’(f)'h2]

+ *o, (3.12a)
[“‘7"’ ()h+ag” () 'hz] +
where
-]+ = max{o,[-]}, (3.120)
and dur(h) (f) agh) (f)
{ dur(")(f) } = max [({ ag”)(f) } + a19(f)-IMM> 11 +
[“‘7"’ (f)h+ a&"’(f)-h2] "
) (3.13a)
ka8
where again
[]+ = max{0, []}, (3.13b)

give the prediction of the duration when the depth of sediments, h, is available and
the parameters R and ¢ are not known. The results of the regression analysis, per-
formed for the first model, Eq. (3.12), are shown in Table 3.11 and in Figs. 3.14-
3.15. The results for the second model, Eq. (3.13), can be found in Table 3.12 and
in Fig. 3.16. The contribution to the overall duration occurring due to the presence of
sediments, 7;s(h), is similar to that in the model dur = dur(M, MZ%, A, h,h?) (Novikova
and Trifunac, 1993). Also, the similarity holds when the last two models are compared
with Egs. (3.8)-(3.9). Thus, in the model dur(Ippr,A's InamaA’s by k%) (Eq. (3.12)),
the additional duration 7,s appears to be “averaged” over the characteristic horizon-
tal dimension of the sediments, R, when compared to the term 73 from the model

dur(IMM, A’, IMMA', h, R, hR, Rz, hz, (p) (Eq. (3.8))
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Fig. 3.15 Additional (relative to the basement rock sites) duration (in seconds) due
to the depth of sediments under the recording site, h, as predicted by the model in
Eq. (3.12):

a) horizontal component;

b) vertical component. _

his “truncated” model preserves the main features of the complete model (Eq. (3.8),

Fig. 3.9) regarding the behavior of the terms which describe the prolongation of the
duration due to the specific geometry of a sedimentary basin.
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In the present database, any attempt to include sy in the equations dealing with
the parameters h, R and ¢, failed due to instability of the solution of the regression
equations.

II1.6 How to Choose the Proper Model

We emphasize once again that our regression models (with the coefficients we ob-
tained) should not be used to estimate the strong motion duration in a region different
from the one where the data were collected. It might (and it will) happen that different
geological environment can change the prevailing earthquake mechanism, the distribu-
tion of the hypocentral depths of the sources, the velocities and the attenuation factors,
and other possible conditions that influence the values of the regression coefficients. An-
other restriction in the application of our models comes from the “completeness” of the
database. It covers only a restricted range of the Modified Mercalli intensities, observed
at a site, distances to the earthquake source and other parameters. We assume that only
predictions coming from interpolation, not extrapolation, may be acceptable.

In this work, we presented 12 regression equations for modelling the duration of
strong earthquake ground motion. Fig. 3.17 provides an overview for choosing the proper
model in each particular case, depending on what site parameters and propagation path
parameters are available. Each model is shown in this figure by specifying the set of
parameters it considers. The equation number of each model is also given for easy
reference to the main text. The chart summarizes the “intensity-type” models only.
For the models with “magnitude-type” “basic duration” refer to Novikova and Trifunac
(1993).

There are two recommendations we would like to make regarding the practical
use of these models. (1) If the station is located on rock, the best model would be
the one that considers the geological parameter s (without considering the local soil
conditions parameter sz). In this case, obviously, s should be taken to be equal to 2.
(2) The regression coefficients were obtained at some specific set of frequencies only.
If the estimate of the duration of strong motion at some frequency not present in this
set is required, we would recommend to get it in two steps. First, get the estimate of
duration for two nearby frequencies from our set. Second, interpolate the results linearly
and get the estimate for the initially required frequency. We would recommend against
interpolation of our coefficients between the central frequencies of the channels, because
some correlated coefficients (such as the coefficients for Insas and InsarA’, for example)
can be very sensitive to such a procedure.

II1.7 Distribution Function of the Residuals

It is of interest for earthquake engineering applications not only to be able to predict
the expected value of the duration of the strong ground motion, but also to evaluate the
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probability of exceedance of any given duration at a particular frequency. Study of the

residues allows one to estimate this probability from the distribution functions of the
observed residuals.

As in our study of the “magnitude-type” models (Novikova and Trifunac, 1993), we
define the residual (factor p, or relative residual) of a model prediction from a data point
as the ratio of the observed duration of strong ground motion, dur®®®, to the duration,
predicted by a model, dur™edel;

durobs

P = fuymodel”

We found that this quantity is easier to deal with than, for example the difference
dur®P® — dur™°del hecause p has well defined lower bound (zero) and has very similar
distributions for all the frequency channels. We also found that the distribution function
of p does not depend on the parameters of the models, such as the Modified Mercalli
intensity, the distance to the source and the site conditions. This distribution function,
q(p), is very similar for different models. We approximate it by:

1 pb
a(p) = T

(3.14q)

where 7 is the normalizing coefficient:

n=alFt1, . [Sin M] - (3.14b)

c

The coefficients a, b and ¢ should be adjusted for each model at every frequency channel.
We choose these coefficients so that the cumulative distribution function

P(p) = /O pq(p)dp (3.15)

stays close to the cumulative distribution function of the observed data P°Ps(p)
(Kolmogorov-Smirnov test).

Note that the mean value of the residuals p is equal to 1 by the construction of
all of our duration models. Thus, we could have reduced the number of coefficients in
the distribution function (3.14) by setting its mean to be equal to unity. We, however,
decided to allow additional flexibility in the coefficients to achieve better fit in terms of
the Kolmogorov-Smirnov test. As a result, the mean of the proposed distribution differs
slightly from 1 at some channels.

Table 3.13 gives the “best” values for the coefficients a, b and ¢ for the distribu-
tion (3.14) for the models in Egs. (3.2)-(3.13). Fig. 3.18 demonstrates the progress
accomplished in the development of our regression models. The observed cumulative
distribution function, P°%(p) is shown for the models in Egs. (3.2) (the solid line), (3.3)
(the dashed line) and (3.8) (the dotted line). The cumulative distribution function of an
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