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SUMMARY

The physical bases and empirical equations for modelling the duration of strong earthquake ground motion in terms of
the earthquake magnitude, the epicentral distance and the geological and local soil site conditions are investigated. At 12
narrow frequency bands, the duration of a function of motion f(t), where f(¢) is acceleration, velocity or displacement, is
defined as the sum of time intervals during which the integral |; f*(z) dt gains a significant portion of its final value. All
the records are band-pass filtered through 12 narrow filters and the duration of strong ground motion is studied
separately in these frequency bands. It is shown that the duration of strong motion can be modelled as a sum of the source
duration, the prolongation due to propagation effects and the prolongation due to the presence of the sediments and local
soils. It is shown how the influence of the magnitude on the duration of strong ground motion becomes progressively
stronger, in going from low to moderate frequencies, and that the duration is longer for ‘soft’ than for ‘hard’ propagation
paths, at low and at moderate frequencies. At high frequencies, the nature of the broadening of the strong motion portion
of the record with increasing distance is different, and is most likely related to the diffraction and scattering of the short
waves by the velocity inhomogeneities along the wave path. It is also shown that the geological and local soil conditions
should both be included in the model. The duration can be prolonged by 3-5 sec at a site on a deep sedimentary layer at
frequencies near 0-5 Hz, and by as much as 5-6 sec by the presence of soft soil underneath the station, at a frequency of
about 1 Hz. An empirical equation for a probabilistic estimate of the discrepancies of the predictions by our models
relative to the observed data (distribution function of the residuals) is presented.

INTRODUCTION

The duration of strong earthquake ground motion characterizes the total energy exciting a structure, and
may be used to evaluate the rate of this energy input. The significance of the excitation duration is
particularly important in the case of non-linear structures, as the number of response cycles is directly related
to the duration.! The work of Anderson and Bertero® shows that large accelerations may not be necessary to
drive a structure into the non-linear response. A combination of a moderate acceleration and long duration
can result in many cycles of non-linear response.

Udwadia and Trifunac,® Amini and Trifunac* and Gupta and Trifunac’'° developed a method for
predicting the probability of exceedance of a given displacement level, a given number of times, at any floor of
a multistorey building excited by an earthquake. This probability directly depends on the duration of the
strong ground motion. Duration is also used as a parameter in models describing the space—time variations
of earthquake ground motion'! and in the generation of artificial accelerograms.'?~!% The knowledge of the
duration of strong ground motion is also necessary for prediction of the response of soils at sites where
liquefaction is possible.

In this work, we use some old, and introduce new, simple regression equations which describe the duration
of strong ground motion at a site as a function of the earthquake and the site parameters. We develop further
the models presented by Trifunac and Westermo,'®™'® who used approximately one-third of the uniformly
processed database available to us now.'® The quality and quantity of our present database has improved
through numerous recordings since the late 1970s, and by a careful ‘hand’ selection of noise-free records.
When compared to the studies of Trifunac and Westermo,'®~'® the quality of the new database and more
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careful analysis allow us: (1) to detect quadratic (instead of linear) dependence of duration on magnitude, (2)
to analyse dependence of duration on epicentral distance, (3) to consider simultaneously geological and local
soil site conditions, and (4) to study the prolongation of duration on sediments using parameters which
describe the geometry of the sedimentary basins surrounding the recording stations. Other investigators, who
looked at the exponential dependence of the duration on earthquake magnitude, did not include the
frequency dependent nature of strong ground motion in their definition of duration,>®2! nor did they
consider records obtained in geologically different regions in the same regression analysis.?? In all cases, the
database available to previous investigators was less abundant or homogeneous.

The main purpose of this study, along with the further development and refinement of the regression
models, is to improve the understanding of the nature of the strong ground motion. To this end, the
dependence of all the regression coefficients on frequency and the physical phenomena which may have
caused this dependence are discussed.

THE DEFINITION OF DURATION

First studies of the dependence of duration on magnitude®® and on epicentral distance and magnitude?*
did not produce quantitative definitions of duration. Later, duration was defined as the time interval between
the first and the last time when the acceleration exceeds the level of 0-05 g (‘bracketed’ duration?3), or the time
interval during which 95 per cent of the total energy is recorded at the station.?® Trifunac and Brady?’ define
the duration of the excitation function f(t), which can be acceleration, velocity or displacement, as the
shortest possible time interval during which 90 per cent of the integral {¢°f*(r) d is achieved (t, is the length
of the digitized record). Bolt®® suggested that the duration of strong ground motion should be considered
separately in several narrow frequency bands. Trifunac and Westermo!®718:29:3% followed this idea and
developed a frequency dependent definition of duration, based on the earlier work of Trifunac and Brady.?”
Kawashima and Aizawa?® studied bracketed duration and introduced normalized duration, which they
defined as the elapsed time between the first and the last acceleration excursion greater than y times the peak
acceleration (0 < p < 1). McCann and Shah3! based their definition of duration on the time dependent
root-mean-square acceleration, d,(t). The derivative of a,(t) identifies the time after which a,(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??
introduced their definition using an idealization of the earthquake excitation as a segment of limited duration
of a random process with constant spectral density function. Their definition relates the Arias*3 intensity, the
maximum acceleration at the site, the predominant period of earthquake excitation and the root-mean-
square acceleration to the duration of strong ground motion. Mohraz and Peng** introduced the structural
frequency and 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 simple bracketed duration
towards frequency dependent, structural response oriented functionals, with the seismic energy considered as
the main tool in the definition of duration. Many definitions utilize the integral of the type {;, f*(r) dr, where
f(t)is acceleration, velocity or displacement, as these integrals have a specific physical meaning.> %2733 The
portions of the record where {{ f?(r) d7 has its fastest growth can be related to the definition of the strong
motion part of the excitation. Such a 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,'6718:2%:3% we will accept the definition of duration of a function of motion f{(t), where f{(t) is
acceleration, velocity or displacement, as the sum of time intervals during which the integral (g f2(z) dz has
the steepest slope and gains a significant portion (90 per cent) of its final value. This definition 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.,?’ 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®3737 at all frequencies provides a fairly complete description of the strong motion.

The definition of Trifunac and Westermo,?® unlike some other physically related definitions, con-
siders the strong motion part as being composed of several separate strong motion portions, whose position
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in the record can be specified. Defining the duration as one continuous time interval is not meaningful for
some records. The information on the arrival time of each separate strong motion pulse and of its duration
can be used to study the source of the earthquake and the related wave propagation phenomena.>® Also, this
information can be used in further development of the definition of 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 to ‘se¢’ two consecutive strong ground motion pulses as one continuous strong
excitation.

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), with central frequencies of these channels covering the span from f, = 0-075 Hz to f, = 21 Hz.
Each channel is formed by a couple of Ormsby filters whose roll-off and cut-off frequencies are listed in Table
1. The procedure for calculating the duration in each channel is summarized in Figure 1. The band-pass
filtered signal (corresponding to one of the channels) f(¢) by a couple of Ormsby filters is shown at the top of
the figure. The result of the integration I(t) = f; f*(r) dt is shown in the centre together with its smoothed
version, I, (#). The values chosen for corner frequencies of the smoothing filters in each channel are listed in
Table I. Being concerned primarily with the relatively long pulses of strong motion, we apply the smoothing
filter to the excitation function. The actual width of the pulses shorter than about 3 sec cannot be measured
even in the high frequency channels after such a smoothing.® The duration of strong ground motion, dur, is
defined as the sum of several time intervals [t{!; ¢#{2)], where I,,,(t) has the steepest slope. The sum of the gains
of I(t) in those time intervals is equal to the fraction p of the total integral I(t,), where ¢, is the length of the
strong motion record. The portions of the record with the steepest slope of I,,(z) are identified as those time
intervals where the derivative d/,,/dt is bigger than some threshold level p, (bottom of Figure 1). The value
of p, can be obtained when u is specified. In this study, we assumed u = 0-9. Some of our empirical models
were tested with u = 0-75 and u = 0-95, and no significant differences in the major overall trends were found.
From this point on, we will call the duration obtained by the procedure described above as ‘observed’
duration.

Table I. The properties of the filters used in the two-step process of calculating the
frequency dependent duration of strong ground motion

Step two:
Step one: smoothing of
band-pass filtering Jof? (@ de
Channel Central Cut-off and roll-off Corner
number frequency frequencies of the frequency
fo (Hz) band-pass filter (Hz) f. (Hz)
1 0-075 0-05-0-07;0-08-0-10 0-038
2 0-12 0-08-0-10;0-15-0-17 0-06
3 0-21 0-15-0-17;0-27-0-30 011
4 037 0-27-0-30;045-0-50 014
5 0-63 0-45-0-50;0-80-0-90 0-17
6 1-1 0-80-0-90; 1-30-1-50 0-20
7 1-7 1-30-1-50;1-90-2-20 0-23
8 25 1-90-2-20;2-80-3-50 026
9 42 2-80-3-50; 5-00—6-00 0-28
10 72 5:00-6:00; 875-10-25 0-30
11 13 875-10-25;16-:00-18-00 0-32

12 21 16-00-18-00; 25-00-27-00 0-35
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Figure 1. 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(r) with strong motion intervals (shaded); (b) j (‘) f*(r)dt and its

smoothed version; (¢) the derivative of the smoothed integral of f2(¢) and its threshold level p,. The time intervals giving contributions
to duration with g = 0-9 are highlighted

THE STRONG MOTION DATA

We used uniformly processed data consisting of three-component ‘free field’ acceleration records obtained in
the Western U.S., primarily in Southern California.’® Each component of every record was digitized,
integrated (to get velocity and displacement) 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 digitization and
processing of these records are described by Lee and Trifunac.?®-*° This database has 486 vertical and 984
horizontal components of acceleration, velocity and displacement, generated by 106 earthquakes and
recorded at 267 different sites.

A large number of these records were generated by the San Fernando earthquake in 1971, which had
magnitude M = 6-4 (we use the ‘published’ magnitude,*' which corresponds to the local magnitude scale M.
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when M < 6°5 and to surface wave magnitude when M > 65 to 7). Excluding this event, the database has
a relatively uniform coverage of magnitudes from M = 4 to M = 6-5 with just a few records available for
M ~ 3 and M > 7 (Figure 2(a)). The epicentral distances are uniformly represented in the range A < 50 km,
with the number of available records progressively diminishing beyond A = 60 km (Figure 2(b)). Some
information about the recording sites is also available (Table II). We use here the simplified geological
classification in terms of the site parameter s. Sites located on sediments are marked by s = 0, sites located on
geological (basement) rock are labelled by s = 2, and s = 1 stands for the intermediate sites.*? We also use the
soil classification factor** s, , 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 (soil layer deeper than 100 m) s; = 2, 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 material exceeds 800 m/sec or the depth of soil is less
than 10 m, the site is classified as ‘rock’, s; = 0. s; = 3 representing deep cohesionless sites as used by Seed*>
are not common in the area studied in this paper. The distribution of sites among different s and s; is not
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Figure 2. Distribution of the three-component records of good quality (at least one component of acceleration, 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

Table II. The number of the recording stations where the site parameters

s and s, are available. The number of good accelerograph records

obtained there is shown in brackets. The totals for a given s exceed the

sum of station and records with the same s and different s; because
parameter s; is not known for some stations

Geology

Local soil s=0 s=1 s=2
conditions (sediments) (intermediate)  (basement rock)

sy =2 42 93) 2 (5) 0 0)
(deep soil)

sp=1 32 (45) 24 (25) 3 3)
(stiff soil)

s = 1 2) 10 (14) 13 (16)

(‘rock’)

Total 142 (296) 50 (75) 25 41)

for any soil
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uniform, with a small number of stations located on geological basement rock and on ‘rock’ soil sites
(Table II). At present, the parameter s; is not known for many stations. We emphasize the difference between
‘s’ and ‘s’ classification: the former describes the geological environment of the site on the scale of several
kilometres; the latter characterizes the local soil conditions on the scale of up to 100 m. In addition to the
above site classification, we use three other parameters describing the geometry of the sedimentary basin
where the site is located. We introduce these parameters later.

The subset of data that can be used to study the duration of strong ground motion was carefully selected
from the complete database. The selection procedure®® we used is based on simple physical considerations
and can be summarized as follows. Each channel of acceleration, velocity and displacement of each record
was analysed separately. The record f(t) and the integral j'(', f(z) dt were used to identify (1) the cases where
the duration of strong motion was obviously longer than the length of the recording, and (2) the cases with
low signal to noise ratio. Those were not included in the analysis. Figure 3 shows the number of acceleration,
velocity and displacement records at each channel adopted for the analysis, separately for the horizontal and
for the vertical components. At each channel, data from all three functions (acceleration, velocity and
displacement) were used in the analysis as one uniform data set.*®

REGRESSION MODELS
We consider the duration of strong ground motion as the sum of three terms:

dur = 19 + Ta + Tgiie (1)
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Figure 3. Number of components of band-pass filtered acceleration, velocity and displacement adopted for use in the regression
analysis at each frequency band (channel). The channels are identified by their central frequency
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where dur is the total duration of acceleration, velocity or displacement, 7, stands for the duration of the
rupture process at the source, t, represents the increase in duration due to propagation effects and
T4 describes the influence of the geological and local soil site conditions. Several regression equations
modelling the duration of strong ground motion will be discussed. For each model, a linear regression
analysis was performed separately at each frequency band. The unknown regression coefficients were
obtained by the singular value decomposition.**

Model dur = dur(M, M2, A)

We first consider the case when no information about the site conditions is available, and the term 7, is
excluded from equation (1). In this case, the duration described by equation (1) should be viewed as the
duration on some ‘average’ site, typical for our database (i.e. typical for Southern California).

The duration of an earthquake source t, may be related to the fault length, whose logarithm is
approximately a linear function of magnitude.*> Although not every earthquake can be described by a fault
rupture initialized at one end of the fault and propagating towards the other end, the first estimate of 7, could
be the length of the source, divided by the average velocity of the dislocation. Thus, the dependence of the
source duration 7, on the earthquake magnitude M can be assumed to be exponential. There are at least two
difficulties in using this exponential dependence in the frequency dependent models of strong motion
duration. 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 a long-wavelength window. At these low frequencies, the rupture time cannot be resolved (using our
‘relative’ definition of duration) and, thus, should not depend on M at all. Second, exponential dependence of
7o on M results in non-linear regression analysis, which may not be stable, especially for noisy data. Thus, we
use a quadratic approximation of the exponential function, 75 & a; + a,*M + a3 M?, where a; are unknown
coefficients. 7, is an increasing function of A, and we assume, following the work of Trifunac and Brady,?’
that 7, = as" A.

In the case we consider now (no site specific information is available) the regression model has the form

dur®™ (f) a™(f) — —
{ dur (1) = 1a(r) [+ UM +as(1)-M? + ay()-A (a)
where the epicentral distance, A, is measured in kilometres and M was introduced to make the duration
a monotonically increasing function of magnitude.

= ax(f)
2a3(f)

Superscripts (h) and (v) correspond to the horizontal and vertical components of motion. Only the first
(constant) coefficient was found to be different for these two directions of motion.

Table III gives the regression coefficients of equation (2) as a;(f) + o;(f), i = 1-4, where o(f) are the
variances of the values found. Zero values for a coefficient correspond to the cases when |g;/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
duration, predicted by equation (2), o,,,, are also listed. Note the strong dependence of dur,, on frequency.
The last three columns in Table III will be discussed later.

The duration of strong ground motion does not depend on the magnitude of the earthquake if the
frequency of shaking, f, is less than some critical value: f < f,; & 025 Hz (a, = a; = O for the first three
channels). If the period of the waves employed to ‘measure’ duration is longer than the characteristic time of
the rupture process at the source, 74, the dependence of the duration of strong motion, dur, on the length of
the source, and likewise on the seismic moment and magnitude, disappears. The critical frequency f;, depends
on the quality of the database. When the frequency of motion, f;, increases, more earthquake sources with
corner frequency lower than f, participate in the regression and some dependence of 7, (and dur) on M can be
observed: the linear coefficient a, ( f) becomes different from zero. Further increase of frequency (f, = 1-7 Hz)

M = max{M, Mpn(f)}, Mumin(f) = (2b)
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results in all the sources from the database having the corner frequencies lower than f;,. This makes it possible
to resolve the quadratic coefficient as(f).

The coefficient a, scales the duration of strong motion in terms of the epicentral distance. At its maximum
(near frequency 0-2 Hz), the value of a, corresponds to the increase of duration by 2 sec per each 10 km of
epicentral distance, and at f & 15-20 Hz this value drops to 0-5 sec per each 10 km. At low and intermediate
frequencies, the main contribution to the strong ground motion comes from surface waves, and the increase
of the duration with distance can be explained by the dispersion of those waves, travelling through the
irregular, but generally ‘layered’, structure of the upper crust.® If ci.(f) and cp.(f) are the effective
minimum and maximum phase velocities of the surface waves in the region, and v,,;,(f) and v,..(f) are the
lowest and the highest shear wave velocities in this region, then

a4(f) % [emin(f)T7" = [emax(f)T7" < [Vmin] ™" = [Umax] ™" ©)

For very long surface waves, only one mode of propagation is possible (at the local distances), and for
a narrow frequency band only minor dispersion occurs; so as(f) — 0 as f — 0. Increasing f slightly, we
introduce additional modes and the variety of possible phase velocities increases. As a result, a4( ) grows and
reaches its maximum. Further increase in frequency causes effective concentration of the phase velocities of
different modes at the smallest shear wave velocity of the region. Then, cnin(f) % Umin, and as Cpa(f)
decreases, so does a,(f).

For high frequencies (> 5-10 Hz), our data suggest that a, does not depend on frequency. The nature of
the broadening of the strong motion pulses with distance differs here from the dispersive nature of the low
frequency wave propagation. For high frequencies, the strong motion consists primarily of body waves (with
some contribution of surface wave energy). In this case, the velocity inhomogeneities (large compared with
the wavelength of seismic waves) produce fluctuations in the arrival time of the waves and contribute to an
increase of the duration of the strong motion pulses when the travel distance increases.*® For our data this
increase appears to be independent of frequency.

Using a map that shows the distribution of basement rocks on the earth’s surface,*’ we characterized the
‘hardness’ of the transmission path for each pair source—station by the ratio of the portion of epicentral
distance covered by rocks, as seen on the surface, to the total epicentral distance. We denote this ratio by ¢,
and call paths with high & as ‘hard’ and paths with low & as ‘soft’. We next make the following assumptions.
Let v,,,, in inequality (3) represent the shear wave velocity in the basement rock at some depth (say 3—7 km),
and v, be the ‘effective’ shear wave velocity in the ‘mixed’ top layer, which consists of rocks of various
rigidities and sizes and of surface sediments. Now, if we consider the ‘soft’ and ‘hard’ paths, then we can
assume that v,,, should be the same for both path categories, while v,,,;, should be smaller for ‘soft’ paths than
for ‘hard’ paths. To check the applicability of inequality (3), equation (2) was slightly modified by assuming
a, = o + P&, ie. the ‘prolongation due to propagation’ coefficient is a linear function of the ‘hardness’ of the
path &. The regression analysis of this modified model gives practically the same value of the coefficients a,,
a, and aj as for the original model (2). The dependence of a, on frequency is shown in Figure 4 for several
values of the parameter ¢ in the modified model. The interval a, + o4, as obtained from the original model
(2), is shown for comparison. As expected, a,[¢ ~ 0] > a4[all cases] > a,[¢ ~ 1]. Some reasonable values
of the shear wave velocities can be shown to agree with inequality (3) and the results presented in Figure 4.
To be more specific, assume vy,,, = 4 km/sec, for example. Then, for the case when a, does not depend on &,
the ‘dispersion coefficient’ a,(f) < 0-21 sec/km, and v,,;, can be estimated (from equation (3)) to be about
2-2 km/sec. For a ‘very soft’ path (¢ = 0), the coefficient a, is bounded by 0-27 sec/km, and v,;, &~ 1'9 km/sec.
For ‘harder’ paths (¢ &~ 0-6), ay < 0-12 sec/km, which gives v, & 2-7 km/sec. Consideration of £ > 0-6 is not
adequate at low frequencies due to the lack of data with such path parameters. Notice that at high
frequencies, a, practically does not depend on &. The reason might be associated with the diffraction and
scattering, not with the dispersive nature of the prolongation of the duration at those frequencies.

The constant coefficients a{® and a{"’ have different meanings for different frequency bands. For channel
#1 (fy = 00075 Hz), a{® and 4", being the only coefficients distinct from zero, give the direct estimate of the
duration for the horizontal and for the vertical motions. This estimate does not change with magnitude or
epicentral distance. For the second and third channels (f, = 0-12-0-21 Hz), a™ and a{"’ give the value of the
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Figure 4. ‘o-interval’ of the coefficient a,(f) in equation (2) (cross-hatched area) and the coefficient a; when linear dependence of a4 on
the ‘hardness’ of the propagation path, £, is assumed (shaded zone)

duration at the epicentre of the earthquake, and this value does not depend on the magnitude of the event.
For higher frequencies, a; () may not have any physical meaning, because it effectively serves as a constant
term in the truncated Taylor expansion of the exponential representation 7o = 7o(M). However, by compar-
ing a$® and a{”, the difference in duration of the horizontal and of the vertical motion can be studied. For
very low frequencies, a® > a{"), but this result is not reliable due to the small number of data points used.
For intermediate frequencies (0-21-4-2 Hz), the longer duration of the vertical component can be explained
by the more prominent participation of P-waves in the vertical motion. The analysis shows that, for those
frequencies, the origin of the first time interval contributing to the duration is different for the horizontal and
for the vertical components. For vertical motions, the first strong pulse usually corresponds to the arrival of
the P-wave, while the appearance of the first strong pulse on the horizontal component is usually delayed till
the arrival of the S-wave. Thus, the vertical component has more strong motion pulses due to additional
waves producing strong motion, and this results in an increased duration. At high frequencies ( f > 85 Hz),
the difference between two components of motion disappears due to multiple scattering with mode
conversions that occur at such frequencies in the highly inhomogeneous upper crust and in the sedimentary
layers.

Figure 5 shows isolines of the duration of strong motion as obtained from equation (2) for various
frequency bands. For comparison, the observed duration is shown (averaged over the intervals of A and M)
by the shades of different density, with the denser shades representing longer duration. The empty ‘boxes’
correspond to the ranges of magnitudes and epicentral distances where no data are available.

It is of interest for earthquake engineering applications not only to be able to predict the expected value of
the duration of strong ground motion, but also to evaluate the probability of exceedance of a given duration
at a particular frequency. This probability can be estimated from the distribution functions of the observed
residuals. We considered the distribution function of the quantity

durobs
L=
dur

where dur,y, is the observed duration and dur is the duration of the strong ground motion predicted by the
model. We approximate the distribution function of 4 by

q(d) = - —— (4a)
where # is the normalizing coefficient:

n = mlrtom-1 %I:sin (___n * l)n]_l (4b)
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Figure 5. Isolines of the duration (in sec) of the horizontal component of strong earthquake ground motion as estimated from equation

(2). The observed duration is shown averaged in the ranges of M and A, specified by the dashed mesh. The longer duration corresponds

to a darker shade. The dependence on the epicentral distance is always linear for the displayed channels. The parabolic dependence on
magnitude can be seen for high frequencies. For low frequencies, only linear dependence on magnitude can be resolved.

The coefficients m, n and k are chosen so that the cumulative distribution function P(4) = jéq(,l) dZ stays
close to the observed cumulative distribution function (Kolmogorov—Smirnov test). The last three columns
in Table III give the ‘best’ values for the coefficients m, n and k for the distribution (4) for the model (2).
Having the distribution function of 4, we can predict the duration of strong ground motion which will not be
exceeded with any given probability at a site located at a given distance from an earthquake with a given
magnitude.

Model dur = dur(M, M?, A, s)
The duration of strong ground motion is influenced by the geological conditions at the site. If only
parameter s is available for the site description, we model this influence by the term z;,. in equation (1):

Taite = @13(f) 8P + a4 (f)- S (5a)
where*®
1 f s=1 1 f s=0
(1) _ ’ ©) _
S {0 if s#1, S {0 if s#0 (5b)

The numbering of the coefficients was chosen in this way for consistency with our previous work?®8, The
coefficient a,;(f) shows the change in duration for intermediate (s = 1) sites compared with stations which
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are located on basement rock (s = 2). The second coefficient, a,4( f), scales the change in duration for sites on
sediments (s = 0) compared to the basement rock sites.
The results of the regression analysis of the model

dur® (h) _ _

{dur(”z;;} = {Z(})E]{))} +ay(f). M + a3 (f) M? + as(f)- A + ai3(f) SY + aga(f)- S (©6)
are summarized in Table IV. The estimates of the coefficients m, n and k for the distribution function (4) of the
relative residuals of the model (6) are also presented. The coefficients {a;(f), i = 1-4} and My (f),
representing the dependence of duration on magnitude and epicentral distance, remain practically the same
as their counterparts from the previously considered equation (2). Both new coefficients, a,5(f) and a,,(f),
significantly differ from zero in the intermediate frequency range only. This can be explained*® by visualizing
a sedimentary (or soil) layer of thickness h working as a band-pass amplification filter, with high, f;, and low,
S, cut-off frequencies. The low cut-off is the frequency for which the corresponding quarter wavelength in
sediments (or soil) coincides with the thickness h of the sediments (or soil layer). For high frequencies, the
amplification effects are overshadowed by the inelastic attenuation, so f; depends, also, on the attenuation
factor Q, typical for the sediments (or soil). The amplification effects can be explained by multiple reflections
in the sedimentary basin (of course, the increase in amplitude upon entering of the soft layer also takes place).
These multiple reflections are probably also responsible for the prolongation of the duration in a sedimentary
valley. If the depth of sediments h = 2 km, shear wave velocity f = 2 km/sec and inelastic attenuation factor
Q = 100, the above model predicts that the high cut-off frequency is f; = 5 Hz and the low cut-off frequency
is f, = 0-24 Hz. A good agreement can be found between these values of f; and f, and the frequencies that
bound the range where the prolongation of duration due to the presence of a sedimentary basin (s # 2) was
detected in this study.

The duration is longer on sedimentary sites than on rock sites (see coefficient a;4) by about 6 sec at
frequency 0-63 Hz (channel #35) and by about 1sec for channel #8 (f, = 2-5 Hz). Excluding the high
frequencies, where a,;(f) cannot be evaluated, a,3(f) is smaller than a,4(f) and has larger variances. It
corresponds to the duration at intermediate sites (s = 1, coefficient a, ;) being shorter than the duration on
sediments (s = 0, coefficient a,4). The intermediate sites (s = 1) do not have so ‘regular’ a multiple-layered
sedimentary structure as the sites on sediments (s = 0). As a result, the multiplicity of reflections and
scattering, preserving the wave energy inside a wave guide, decreases and, therefore, the duration is reduced.

Model dur = dur(M, A, s, s.)

The understanding of the effects of the local site conditions on the strong ground motion amplitudes has
increased significantly during the recent years.’® Major advances have been made since the time when
Kanai®!'%? studied the local soil site effects using microtremor measurements, and when Gutenberg®?
considered the effects of the geological site conditions. It is now obvious that the local soil and geological site
conditions should be considered simultaneously in various scaling equations of strong motion ampli-
tudes.33737- 34 However, the simultaneous consideration of both the geological and the local soil conditions
in the models of duration of strong ground motion was not studied previously. Theofanopulos and Watabe??2
did consider the influence of the local soil conditions. Their definition of duration of strong motion was not
frequency dependent. Moreover, they analysed data from several geologically different regions (Japan,
United States, Mexico and Greece) all as one data set, and did not correct their resuits for the regional
differences. Dobry et al.?! also studied duration (neglecting frequency dependence) and included the site
conditions, but it is not clear whether they use geological conditions or local soil conditions.

When both the ‘geological’ parameter s and the ‘local’ soil parameter s, are available, the site condition
term T, from equation (1) can be presented as

ay1(f) S + aa(f)- S + ais(f) SP + aya(f)-S©

where SV and S'? are indicator variables for s = 1 (intermediate sites) and s = 0 (sites on sediments), defined
by equation (5b), and S{" and S{? are the corresponding indicator variables for s, = 1 (stiff soil sites) and
5. = 2 (deep soil sites). In both cases, the geological rock (s = 2) or the ‘local soil rock’ (s = 0) is chosen as
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a reference. However, a substantial reduction in the number of data points available (because of the lack of
information about s; for many sites) causes instability of the regression analysis. Thus, we reduced the
number of model coefficients by (1) considering parameter s as a quantitative ‘continuous’ variable (this is
equivalent to the assumption that a,4(f) = 2a;3(f), which is not far from being correct, see Table IV), and
(2) disregarding the quadratic term in 1,. The results of the regression analysis of the model

dur®(/) ()
{dzr”’(f)} ) ma‘[(ﬁ?)(f)} tal) 'M)’ ‘]
+as(f) A+ ais(f)Q2—s5)+ all‘(f)sﬁl) + au(f)'S{z) W)

are shown in Table V and Figure 6. The reason for considering the term a;s( f)-(2 — s) instead of a;s(f) s is
that we prefer to have basement rock as a reference and to deal with positive a, 5 if the duration on sediments
is longer than on rock sites. The coefficient a,( f), scaling the influence of the epicentral distance A, is similar
to the previous models. The coefficients a,(f) and a,(f) have a different meaning now due to a linear
approximation of 1y = 1o(M).

The coefficient a,5( f), showing the influence of the geological site conditions, now plays the role of both
ai3(f) and a4(f) from equation (6). For the low frequency (f, = 0-:37 Hz), the duration of motion on
sediments (s = 0) is about 4 sec longer than on rock sites, when predicted by equation (7). The previous
model, equation (6), gives about 6 sec of prolongation for the same conditions. As for the ‘soil’ coefficients,
a12(f) = a1 (f) = 0, which shows that the duration of strong ground motion is longer at the stations located
on deep than on stiff soils. The duration is the shortest at the ‘rock’ sites (with all other factors kept constant).

The range of frequencies, where the effect of the local soils on the duration is noticeable, is about
0-63—21 Hz. The corresponding parameters of the layer of soft soil on a stiff half-space, which would produce
the effect of a band-pass filter, could be the following:*® depth of the local soft soil 50 m, shear wave velocity
in the soil 100 m/sec and inelastic attenuation factor Q = 100. In this case, the low cut-off frequency, f,, is
about 0-5 Hz. The lower frequency waves are too long to ‘notice’ the existence of a soil layer and to be
disturbed by it. The high cut-off, predicted by the attenuation model, is f; = 25 Hz. The high inelastic
attenuation overshadows any (positive) amplification or prolongation effects possibly produced by multiple
scattering in the soil layer at frequencies f > f;. The range f1 > f > f,, i.e. f = 0-5-25 Hz, obtained from the
‘band-pass model’ for amplification,*® is similar to the frequency band where the presence of soft local soils
prolongs the duration of strong ground motion. The range of frequencies, where the influence of the
geological conditions on the duration is significant, is shifted towards low frequencies. This occurs because
the characteristic depth of sediments is substantially larger than the typical depth of a soil layer.

INFLUENCE OF THE GEOMETRY OF THE SEDIMENTARY BASIN

It is sometimes feasible to use a better description of the geology around the recording sites than just lumping
all sites into s = 0, 1 or 2. Using the geological maps, Smith’s*” map and other sources of information, we

aq [s{M]

© = N W s O
. 1
Q = N WO N

f (Hz)

Figure 6. The coefficients a,,(f), a,,(f)and a,,(f) in equation (7) plotted versus the central frequency of the channels (solid lines). The
coefficients are bounded by their ‘s-intervals’ (dashed lines) and by their estimated 95 per cent confidence intervals (dotted lines)



1037

DURATION OF STRONG GROUND MOTION

s19jowrered Burpuodsaiio)

@S ms s v n MoA  zuoy
I 1
670 + 1100+ L0+ S1+  SIF
€6 91 €9 69 |4 SLO 0-0 00 0900 6¢-C 00l — 66— €LT 1z 4!
LTO+ 8TO+ 9000+ 810F OI+ OIF
6 0C 8¢ TL 4 [49! LL-O 0-0 LS00 9 801 — 901 — 919 £l Il
LTOF 8TOF Y000+ 910F 60+ 60F
sL 0C L1 ¢8 I-€ €e-1 1s-1 0-0 9L00 9T OIrT— SI1— 0L0T <L 01
IE0+ I€0F v00-0 + 610+ T I+ LIF
L LT €T ¢t6 Lt L8T [4%4 0-0 L600 L1T 88— 001 — 1234 [4% 6
6C0F 0£0F vo0-0+ LIOF TIF  OIF
L 81 61 €01 6t LS€ $9-C 0-0 901-0 L6T LL— T6— [44]! x4 8
WwoF o+ 000+ SI0F OIF OIF
L L1 1T OFI 9:¢ 0L-S 10¥ 0-0 9s1-0 0r-0 9-C <0 SSST L1 L
080+ OLOF 0+ L00O F 90+ 90+F
69 €1 9T L9l 0-L 9Z-L €8¢ 9¢-0 ¥81-0 0-0 8¢ 6C 9LET T-1 9
10T+ 680+ €S0+ 6000 + 80+ LOF
oL 91 61 061 LL LYY LT 0s-1 €120 00 69 9v 6¢11 £9-0 S
SE-0 + 6000 + 80F LOTF
6L €T ¢l §-0¢ Ll 0-0 00 L8 L81-0 00 (411} 0-01 6LT1 LEO 14
60 + 100 F o1+ OI1F
L 0€ $0 LOT 8 0-0 00 [4 9! 00 0-0 €11 S-6 058 1Z-0 €
8100 + 9T+ II1F
9L 9T LO €8T 01 00 00 0-0 1610 0-0 y-61 1-61 11¢ 10 [4
€+ 0CF
0?1 &t €T €8¢ ¢01 0-0 0-0 0-0 0-0 00 5743 8-0t LE SLOO I
b u w (09s) (0as) TloF loF SloF Yo T x| JoF JoF (SIN (zH) Isqunu
**Inp Py tip Ip Sty *n i @P @P sjuiod of  Jeuuey)
31 0)
s[enpisal (Jearsyui-o) JO 'ON

3y} Jo wonpouny
uonnqrisip ay}
ul SJUIYJ0))

£5eINOOR 119Y) PUB P SIUSDIYI0))

[epowr

s1y3 10§ ((p) uotyenbs) sjENpISal SY) O UOHOUNJ UOLINGLISIP Y} UL SIUSIOYII00 pue (L) uonenba Jo sisA[eue uolsssaIfer ay) jo synsay A 9[qEL



1038 E. I. NOVIKOVA AND M. D. TRIFUNAC

N
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Figure 7. Definition of the parameters describing the geometry of the alluvial basin in the horizontal plane. Waves emitted by the source

partially reflect from the boundaries sediments—rock, and some secondary (refiected) energy is observed at the station. The angle

subtended at the station by the surface of the rocks capable of producing reflections from a particular source in the direction of the
station is called ¢; the distance from the station to these rocks is called R

described the position of the stations located in alluvial valleys using three parameters: (1) depth of sediments
under the station, k, (2) angle (in the horizontal plane) subtended at the station by the basement rocks
appearing on the surface and capable of producing reflections of seismic waves from the source in the
direction of the station, ¢, and (3) distance from the station to these rocks, R. The last two parameters are
illustrated in Figure 7. Our data are consistent® with the following representation of the site dependent term

Tsite-
Tae = as(f) h + as(f) R + a;(f) hR + ag(f)-R* + as(f)-h* + aio(f) ¢ t)

where the above quantity is included in the model only if it is positive. The regression analysis of the
model with 7o + 7, as in equation (6) and 7, from equation (8) gives a;, a,, a3 and a4 very similar to those
obtained from equation (6). The prolongation of duration on sediments as described by the above g, is well
defined in the intermediate frequency range only, similar to the range which we found for
Tae = a13(f) SY + ar4(f)- S, but horizontal and vertical components have different coefficients as—a, o
(Figure 8). One explanation of the results shown in Figure 8 is as follows. We assume that the well-defined
boundary of the sedimentary valley (like the boundary between alluvium and granites) generates secondary
waves by reflecting the direct waves coming from the source (Figure 7). If the station is located very close to
the boundary of the valley, the direct and reflected strong motion waves overlap, causing just a small increase
in the duration of strong motion. Moving the observation site away from the boundary increases separation
of the direct and reflected pulses, which results in increase in duration. Thus, at frequency f, = 0-63 Hz,
a station located at about 30-40 km from the edge of a valley and on 2 km of alluvium can show up to 7 sec
of additional duration of strong motion on the horizontal component (relative to a rock site). When the
reflecting rocks are located too far from the station, the secondary (reflected) waves are weakened by
attenuation and cannot be observed. This explains the gradual diminishing of the additional duration when
R and h are large. As for the angle of effective reflections, ¢, the greater this angle, the more the reflected
energy observed at the station, and the longer the additional duration. At the frequencies where the influence
of the geometry of the alluvial valley is most significant (0-5-2 Hz), an increase of the angle ¢ by 100°
prolongs duration by 2 sec (Figure 8). It is remarkable that almost all the data points (pairs R—h) used in our
analysis (asterisks in Figure 8) appear to give positive values for as-h + ag-R + a,-hR + ag- R* + ay - h*.
Hence, adding the contribution from a;o(f) ¢, an absolute majority of the data points give positive
Tqe (€quation (8)). This provides additional support for our choice of the term 7, in the form of equation (8).
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Figure 8. Additional duration as a function of the depth of sediments under the recording station, h, and the horizontal characteristic
dimension of the sedimentary valley (distance from the station to the rocks), R, is shown (as obtained from the model with 7, _ as in
equation (8) for horizontal and vertical components) of motion at several frequency bands. The isolines on the three-dimensional surface
are drawn with 1 sec increments, starting from the zero level. The asterisks show R and h of the data points, used in the development of
the model. Note that practically all the data points correspond to a positive prolongation term. The contribution from the angle
¢ (measured in degrees) is shown at the bottom, where the regression coefficient a, , in the term 7, (equation (8)) is plotted versus the
central frequency of the channels (solid lines), with dashed lines showing its ‘o-interval’ and dotted lines showing its 95 per cent
confidence interval
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DISCUSSION AND CONCLUSIONS

The results of the preceding analysis show a good stability of the estimates of the terms 1o + 74 for several
types of the site condition term 7. A comparison of the estimates of 4. using equations (6) and (7) shows
that the high frequency contribution to 4. can be attributed (incorrectly, due to coupling of the parameters
s and s;) to the influence of the geology at a site, while in reality it is the influence of smaller scale factors, i.e.
local soil site conditions. The results of the analysis of equation (7) explicitly show the difference in the
frequency ranges of the predominant influence of geological and local soil conditions. This emphasizes the
importance of the simultaneous consideration of the site description on several scales. Unfortunately, we
have enough data to describe the sites on two scales only: a geological scale (several kilometres) and a local
geomechanical scale (several tens of metres), leaving a gap in between. Gathering more complete information
about site conditions is essential for the future improvement of our understanding of the strong ground
motion characteristics and the influence of the local conditions on these characteristics. One possible way of
describing a site more completely is presented in this paper (‘influence of the geometry of the sedimentary
basin’) by considering the edges of the basin as possible reflectors of the seismic energy back into the valley.
This approach is particularly useful when the emission of the seismic energy almost entirely takes place in
sediments (and not in the basement rocks beneath the sediments; e.g. Imperial Valley, 1940 and 1979
earthquakes®>~>%) or when a significant portion of this energy initially penetrates into the valley so that
secondary reflections from the valley’s edges still carry enough energy to produce noticeable strong motion.
The distribution of typical locations of the earthquake sources and of the recording stations with respect to
sedimentary valleys is shown in Figure 9. This distribution shows that, in addition to the ‘reflection distance’
R considered in this paper, one may study the influence on duration (and on other strong motion parameters)

L2
SOURCE

STATION

156 records 181 records

STATION
Station ks on basement

rock or on very shallow
sediments

L3
SOURCE

45 records 100 records

Figure 9. 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 shaking. R is the ‘reflection distance’ defined in Figure 7. ! is the distance from the

station to the edge of the valley where the surface waves are likely to be generated by the body waves entering the sedimentary basin.

Cases where only R (top left), both R and I (top right), only [ (bottom left) and none of these distances (bottom right) can be defined are
shown
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of the distance from the edge of the valley (where the surface waves are generated by the body waves entering
the sedimentary basin) to the station, . This is only one example of the possible future developments of the
models introduced in this paper.

The results of this work can be used to estimate the duration of strong ground motion produced by future
earthquakes, when the parameters of the shock and the properties of the site are known or can be estimated.
The complete regression analysis was performed for three models. If no other information, except the
magnitude and the epicentral distance, is available, the model (2) should be used. If the geological parameter
s is known, equation (6) should be considered, and if the local soil conditions are also known, the most
‘complete’ equation (7) should be used for the estimation of duration. The residuals of the model equations
were studied and the distribution function of these was also proposed.

Our regression equations are useful for the construction of realistic synthetic accelerograms, as the
duration of strong ground motion is one of the essential parameters necessary for the generation of artificial
strong ground motion.!271% Other future applications of our results are related to the earthquake hazard
assessment, which can also be characterized by probabilistic measures of the duration of the strong ground
motion. Using a technique similar to that of the uniform risk spectrum approach,3®-° the probability of
exceedance of any given duration at any frequency at a given location can be estimated. We expect that such
results will be useful in future studies of liquefaction and of lateral mobility of soils.

We recommend against using our regression models (with the coefficients we obtained) in a region different
from the one where the data were collected. It might (and it will) happen that different geological
environments can change the prevailing earthquake mechanism, the distribution of hypocentral depths of the
sources, the representative velocities and the attenuation factors, and other possible conditions that influence
the values of the regression coeflicients. Another restriction in the application of our models comes from the
‘completeness’ of the database. It covers only a restricted range of earthquake magnitudes and distances to
the epicentre, for example. We suggest that only predictions coming from interpolation, not extrapolation,
may be acceptable.

To obtain models which can be useful in other regions, similar analysis should be performed using the local
database and the regression equations analogous to those presented here. The resulting regression coeffi-
cients will differ from those presented in this paper, reflecting the differences in the earthquake triggering
mechanism and wave propagation conditions.
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