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Hazard-Consistent Ground Motions: Generation on the Basis
of Uniform Hazard Fourier Spectra

by Vladimir Y. Sokolov

Abstract Design seismic forces depend on peak ground acceleration (PGA) values
and on the shape of response spectra (RS) dictated by building codes or that need to
be evaluated on a site-specific basis. The PGA values and RS strictly depend on
earthquake magnitude and distance, style of faulting and in cases, near-source effects
(e.g., rupture directivity), as well as on the regional and local geological conditions.
At present, there is no doubt that it is necessary to construct so-called site- and region-
specific building code provisions reflecting the influence of different magnitude
events at different distances that may occur during the lifetime of the construction,
as well as the variety of local ground conditions. A scheme of Uniform Hazard
Response Spectra and PGA estimation considering local site response is described in
this article. The assessments of these design parameters are obtained on the basis of
Uniform Hazard Fourier spectra using the concept of “dominant earthquakes”. The
effect of local geology is included by means of the soil/reference site spectral ratios.
The results of using the method are presented for the regions characterized by dif-
ferent seismicity and tectonics and compared with the data obtained during the recent
strong earthquakes: the Caucasus (Armenia, the 1988 Spitak earthquake region) and

the Turan Plate (Central Asia, the 1979 and 1984 Gazli earthquakes region).

Introduction

Design seismic forces for buildings depend on peak
ground acceleration (PGA) values and on the shape of re-
sponse spectra (RS) that are dictated by building codes (see
Paz, 1994, for description of the codes) or need to be eval-
uated on a site-specific basis. Underestimation of PGA or
wrong evaluation of response spectra can lead to grave con-
sequences during the earthquakes. Recent destructive earth-
quakes, including the 1985 Michoacan earthquake in Mexico
(Esteva, 1988), the 1988 Spitak earthquake in Armenia
(Wyllie and Filson, 1989; Yegian et al., 1994a,b), the 1995
Hyogo-Ken Nanbu (Kobe) earthquake in Japan (Irikura et
al., 1996), the 1995 Neftegorsk (north Sakhalin) earthquake
in Russia (Semenov et al., 1996) and the 1999 Chi-Chi earth-
quake in Taiwan (Shin et al., 2000) indicate the urgent ne-
cessity to revise local building code provisions, at least for
the regions mentioned, because in these places the earth-
quakes were more severe than the provisions allowed for.

The PGA values and RS strictly depend on earthquake
magnitude and distance, style of faulting and in cases, near-
source effects (e.g., rupture directivity), as well as on the
regional and local geological conditions. At the present,
there is no doubt that instead of standard design parameters,
it is necessary to construct site-specific parameters reflecting
the influence from different magnitude events at different
distances that may occur with a certain probability during

the lifetime of the construction, as well as the variety of
local site conditions. Probabilistic seismic hazard analysis
(PSHA) is the efficient tool for this purpose, because it
produces integrated description of the influence from all
damaging events at all possible locations with respect to a
specific case. It is common practice to estimate so-called
uniform hazard response spectra (UHS), which represent uni-
form probabilities of spectral amplitude exceedance during
a specified time period (EERIL, 1989), and the design spectra
are constructed on the basis of UHS. This approach requires
a region-specific ground-motion-attenuation model that de-
scribes the relation between the ground-motion parameter
(spectral amplitude at fixed frequency), earthquake magni-
tude, distance, and site conditions.

Several approaches have been used to include local-site
effects into PSHA. One of them is based on introduction of
a site coefficient to modify PGA or spectral shape (e.g., Toki
et al., 1991; Borcherdt, 1994). It requires the site classifi-
cation depending on the geotechnical properties (shear-wave
velocity, Borcherdt, 1994), or geological conditions (Toki et
al., 1991). Obviously, these site coefficients depend on the
frequency content and intensity of the input motion and,
therefore, on earthquake magnitude, distance, and regional
peculiarities of the seismic-wave excitation and propagation.
Campbell and Bozorgnia (1994) provided the relation be-
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tween PGA “site coefficient” (ratio of the PGA on alluvium
to that on a hard rock) and distance to seismogenic rupture.
Borcherdt (1994) presented a methodology to estimate am-
plification factors for a wide range of soil types (rock de-
scription and average shear-wave velocity to a depth of 30
m) and intensity of input ground motion. However, these
methods are based on the observed strong-motion amplifi-
cation in San Francisco and Los Angeles regions. It has been
shown by Jacob (1991) that the California-derived amplifi-
cation factors should not be used in the eastern United States
or Canada due to difference in the regional reference bed-
rock velocity. The simplified classification of a site geology
is not applicable in the cases of deposits that are character-
ized by complex structure and configuration of bedrock sur-
face, for example, alluvium-filled valleys and canyons.

In the second approach, the empirical attenuation rela-
tions developed for different site conditions are used. Tri-
funac (1990) compiled microzonation maps in terms of UHS
on the basis of attenuation model, which depends on the
depth of sedimentary deposits. Petersen et al. (1997) used
different attenuation relations to calculate hazard for allu-
vium, soft-rock, and hard-rock site conditions. Obviously, it
is not possible to obtain the attenuation functions for a va-
riety of local soil conditions, and the aforementioned maps
reveal only the gross features of the geology. In order to take
into consideration site-specific amplification factor, Petersen
et al. (1991) used the ratios between the observed response
spectra and those predicted from regional attenuation rela-
tionship for rock at appropriate epicentral distances.

On the other hand, depending on the material employed
and the construction of the structure, the range of the damp-
ing ratio in structural systems lies between 2% and 20% of
critical damping (Newmark and Hall, 1973). The capacity
spectrum method, which is used for a performance evalua-
tion (e.g., Krawinkler, 1995; FEMA, 1999) requires both the
5% response spectra and the highly damped ones. Therefore,
it is necessary to obtain a family of curves corresponding to
different values of damping. As a rule, the empirical equa-
tions allow calculation of 5% damped response spectra. A
stochastic model, site-response computations, and Monte
Carlo statistics were used by Shapira and Van Eck (1993)
to synthesize the site-specific UHS. The synthetic earthquake
catalogues are created and the ground-motion time series are
calculated for every earthquake on the basis of stochastic
approach (Boore, 1983). The synthetic S-wave acceleration
time histories are transmitted through the soil layer models.
This approach allows to obtain the response spectra for all
necessary damping values, as well as the estimations of peak
acceleration, but resulted in thousands of ground-motion
simulations and computations of soil-model response.

Taking into account the aforementioned problems, the
probabilistic seismic-hazard analysis that is based on Fourier
acceleration spectra (FAS) seems to meet the requirements
of earthquake engineering practice to estimate so-called “site
& region & return period-specific” strong ground motion
parameters. The ground-motion input data that are crucial in
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PSHA are the source-scaling models, attenuation relation-
ships, and site-response characteristics. Let us briefly discuss
these models regarding the Fourier amplitude spectra, peak
amplitudes, and response spectra to outline the advantages
of using FAS.

Source scaling models and attenuation relations. There
are two approaches to describe Fourier acceleration spectra
as a function of magnitude and distance. The first one is
based on statistical analysis of empirical data to estimate an
equation of regression (e.g., Chernov, 1989; Trifunac and
Lee, 1989; Atkinson and Mereu, 1992; Atkinson and Silva,
1997; Sokolov, 1998c¢). In the second approach, the Fourier
amplitude spectrum is represented by a simple analytical ex-
pressions describing source, propagation, and site effect,
separately. One of the widely used approaches to the pre-
diction of ground-motion spectra is based on the so-called
o-squared point-source model (Brune, 1970). The approach
revealed a good ability to describe the peak values and spec-
tral amplitudes of ground motions in the western United
States (Boore, 1983, 1987). The applicability of the ®-
squared model has been tested for different seismic regions
(e.g., Boore and Atkinson, 1987; Rovelli et al., 1988; Mah-
davian and Sasatani, 1994; Sokolov, 1998a; Sokolov et al.,
2000) and more complex models have been proposed (e.g.,
Boatwright and Choy, 1992; Atkinson, 1993). It seems to be
possible to estimate the spectral model for condition of rock
sites even if there is no rock reference station available (So-
kolov, 1998b; Sokolov et al., 2000). The finite-fault effects
could be also taken into account (Beresnev and Atkinson,
1997).

When working with ground-motion peak amplitudes
and response spectra, it is also possible to distinguish the
same approaches as in the case of Fourier spectra. However,
it is necessary to note that only the method of empirical
regressions determination may be considered as a Fourier
spectra independent. Much effort has recently been devoted
to establishing ground-motion-attenuation relationships (see
Abrahamson and Shedlock, 1997; Bommer et al., 1998, for
recent reviews). These empirical equations allow calculation
of PGA or 5% damped response spectra for a limited set of
site conditions. A large number of frequency-dependent re-
gression coefficients should be determined. The other ap-
proach to estimate peak amplitudes and response spectra for
various magnitudes and distances is based on stochastic
simulation of ground-motion series (e.g., Boore and Atkin-
son, 1987; Atkinson and Boore, 1995, among others) and
uses the models of Fourier spectra as input parameter. There-
fore it should be considered as an version of the Fourier
spectra-based technique.

Local site conditions. As it has been noted, the most of
the recent PSHA studies were performed for the generalized
soil condition or used so-called site coefficients to modify
the basic values for the simplified classification of a site
geology. In the case of frequency-dependent ground-motion
parameters, the variety of local soil conditions may be con-
sidered using transfer (amplification) functions. Actually, it
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is possible to use different site transfer functions, which de-
pend on earthquake magnitude and distance, and to consider
nonlinear behavior of the soil during strong excitation. The
numerous procedures of the amplification functions esti-
mation on the basis of empirical data and numerical mod-
eling have been developed (see Bard, 1995, for recent re-
view, Field and Jacob, 1995 , for comparison of different
techniques; Zerva et al., 1999, etc.). Besides the common
approach, which is based on evaluation of ratios between the
spectrum on a site and a reference (rock) site, the so-called
nonreference site techniques use vertical and horizontal
component of the earthquake or microtremor recordings, or
they employ generalized inversion schemes and utilize the
data of all recorded events. The transfer functions (spectral
ratios) could be applied directly to modify the Fourier am-
plitude spectra in order to take into account the local site
effect. However, in the case of response spectra, the relation
between transfer function and response spectra is not linear.
For this reason, it is necessary to compute time histories of
site response for several input motions using an appropriate
model of soil column or to generate the site-dependent ac-
celerograms on the basis of Fourier amplitude spectra. Of
course, when working with response spectra, it is also pos-
sible to use the reference site technique. However, the choice
of the reference may be very difficult: the reference site
should be located on a hard-rock outcrop (or in borehole)
not far from the sedimentary site, and it should provide re-
cords of almost every earthquake.

It should be noted that the term site & region & return
period-specific strong ground motion parameters also in-
cludes seismic intensity as a useful and simple quantity de-
scribing the damage due to earthquakes. The building codes,
being in force in several countries, are based on the intensity
values assigned to a given seismic region (Paz, 1994), and
seismic-hazard maps are often constructed to display ex-
pected intensities (e.g., Denham and Smith, 1993; Schenk et
al., 1996). At the same time, intensity-distribution patterns
predicted for future destructive earthquake or probabilistic
intensity maps are widely used for loss estimation (e.g., Shah
et al., 1991; Cao et al., 1999). The PSHA in terms of ma-
croseismic intensity is performed using empirical relation-
ships between intensity, earthquake magnitude, and distance,
or by converting PGA hazard maps to intensity. At present
there is no doubt that seismic intensity, besides the ampli-
tude, is an expression of the duration and frequency content
of ground motion. Therefore, as it has been shown by Cao
et al. (1999), a single peak-acceleration value may not be
able to determine the loss value. In general, the adjustment
of intensity values for soil condition is performed in terms
of increments in macroseismic intensity. The technique
which is based of the recently established relationships be-
tween intensity and the Fourier amplitude spectra (Sokolov
and Chernov, 1998) allows to evaluate absolute values of
intensity directly using the site-dependent spectra.

Thus, when using the Fourier amplitude spectra as a
basic input in seismic-hazard analyses, it is possible to utilize
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a variety of the models and approaches and to choose the
more appropriate ones (depending on the quality and amount
of the available data) both for evaluation of the motion pa-
rameters as a function of magnitude and distance and for
consideration of local site conditions. Otherwise, the choice
is restricted by a limited number of attenuation relations,
which were developed for a few regions and generalized site
conditions, and we face before thousands of ground-motion
simulations and computations of soil model response. The
goal of this article is to describe a scheme that allows con-
version of the uniform hazard Fourier amplitude spectra
(UHFAS) to estimations of PGA, and response spectra that
are used in the aseismic design practice and the building
code provisions. The results of this approach and application
are presented for the examples of two seismically active
regions, which are characterized by different tectonics and
seismicity (the Caucasus mountains, Armenia, and Central
Asia, Turan plate).

Description of the Method

The method is based on Cornell’s approach to proba-
bilistic seismic-hazard assessment (Cornell, 1968), which in-
corporates the influence of all potential sources of earth-
quakes and the activity rate assigned to them. It is assumed
that earthquake occurrence is a stationary random process
and the time, size, and location of any earthquake are inde-
pendent of the time, size, and location of every previous
earthquake. However, our approach and computational
scheme differ somewhat from the classical one and, there-
fore, it is necessary to describe the principal statements.

For a given earthquake occurrence, the probability that
a ground-motion parameter X will not exceed a particular
value x can be computed using the total probability theorem,
that is

PIX = x] = P[X = xIY]P[Y] (D

where Y is a vector of random variables (earthquakes of mag-
nitude M and distance R) that influence X. Assuming that M
and R are independent, the probability of nonexceedance can
be written as

PX = x] = [[P[X = xim, rlfy,(m)f(r)dm dr (2)

where P[X = x | m, r] is obtained from the predictive rela-
tionship and f,,(m) and f(r) are the probability density func-
tions for magnitude and distance, respectively. When per-
forming PSHA using classical scheme, it is necessary to
determine the temporal distributions of earthquake recur-
rence and source-to-site probability distributions for source
zones. In our scheme, we do not use the probability density
function fy,(m) and f(r), and consider every potential earth-
quake as a separate event. Thus, equation (1) may be re-
written as
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PIX = x] = PX = xIlY(m,, r)] X 3)
PIX = xlY(m,, r,)] X ... X P[X = xlY(my, )]

where Y(m;, r;) is the potential earthquake with magnitude
M i, = m = M_,, and distance R;, = r = R To char-
acterize the source areas, a combination of so-called fault
and area-source models are used. The possible earthquakes
are specified by geometry (in three dimensions) and a func-
tion describing rupture area as a function of magnitude. At
the same time, the earthquakes occur within the areas (source
zones) that are characterized by maximum possible magni-
tude M,,,,. In this case, the active fault is considered as a
narrow source zone rather than a line. Instead of cumulative
magnitude-recurrence model that determines number N of
events with a magnitude m larger than M, an alternative
model is used, and N is defined as the number of events with
a magnitude m = M * dom.

Let us assume that the level of seismic hazard is con-
trolled by the total influence of all earthquakes that may
occur in the region under study, and that the characteristics
of ground motion expected during an earthquake of given M
and R are lognormally distributed with standard deviation
o,. Then, for a single earthquake of M = m and focus depth
H = h occurred at distance R = r, the probability that
ground-motion parameter will not exceed a given value may
be estimated as follows:

min max*

Pynot=mr=rim=nm=1 [X = x]
X

1
~ on J exp((x — a)’2a9)dx  (4)

XV

Xmin

where a is the mean value of log;(X (X — ground-motion
characteristic) for an earthquake of given M and R; and x,,;;,
is of sufficiently small value (x,;, =~ a — 5 G,). Sources of
ground-motion-parameter uncertainty are inherent random-
ness in the source rupture, the characteristics of wave-prop-
agation path, and variability in the subsoil and geological
conditions. Therefore, strictly speaking, standard deviation
o, is a function of magnitude, distance, soil condition, and
oscillator frequency (Youngs et al., 1995; Somerville, 1998).
Let us also assume that value ag represents the ground-mo-
tion parameter for the reference, for example, hard rock, site.
Thus, for a nonreference site, parameter a in equation (4)
may be determined as a = ag + V', where V' is a site
coefficient. If the parameter a represents the Fourier ampli-
tude spectra at a given frequency, then the local site effect
can be described by the site/reference spectra spectral ratios.
In this case a = ap + log,, ¥, where ¥ is the spectral
amplification. To consider the uncertainty of the site re-
sponse, the spectral amplification should be described as a
random variable, and equation (4) may be rewritten as
follows
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Pyo=mr=ra=m=1 [X = x] =
X

‘Pmax 1
> {[—_ f exp((x — a)2/2a§)dx}*

Wonin ax\/ 2n

*PY = ‘I’k]} &)

Xmin

where P [ = W,] is the probability that the spectral am-
plification equals W,. In this case it is possible to use dif-
ferent spectral amplification values for small and large,
nearby and distant earthquakes taking into account the pe-
culiarities of the site response that may depend on intensity
of the input motion and earthquake characteristics (azimuth,
earthquake depth, etc.). Most of the used techniques allow
to consider the site effect only after the hazard-curve cal-
culation, that is, the soil response is supposed to be inde-
pendent on the characteristics of the earthquake source and
input motion.

Equations (4) and (5) allow us to estimate the seismic
effect due to a single earthquake of given characteristics (M,
R, and H). If the depth of possible earthquake source may
be specified only within a certain interval (H,;, = h =< H,,,,),
then

Hmax
Pygi=mr=n=1 [X = x1 = 2 (Pyaromr=rim-n-1 [X = xI*
Hyin
* Py—nlH = h]} (6)

where Py, _,,[H = h] is the probability that the depth (H) of
the earthquake source equals /.

To consider earthquake occurrence, it is necessary to
substitute the probability-distribution function for a single
(N = 1) earthquake by the probability-distribution function
for at least one (N = 1) earthquake of given M and R.

n

Pyst=mr=n=1 [X = x] = E {(Pyov=mr=r=1 [X = x])"*
N=1

* PM:m[N = n]} (7)

where P,,_,,[N = n] is the probability that n earthquakes of
M = m occur during specified time period ¢ assuming a
Poissonian distribution of the earthquakes. The probability
is calculated as

(4nd)"

n!

PM:m [N = n] = exp(_)"mt) (8)

where A, is the average number of earthquakes of M = m
per unit time; 7 is the expected number of the earthquakes.
Considering all earthquakes of M,;, = m = M,,,, that
may produce significant effect at a given distance R = r and
assuming their independence, we have the following
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Mnax

Pyg=p=1 [X = x] = H Pyv=mr=n=1 [X = x] (9)
Mmin

The final expression that takes into account all distances

from R = R, to R = R, is as follows:
R=Rpax
Py= [X = x] = Pyr=n=1 [X = x1 (10)
R = Ruin

Here R,,,, is the maximum distance at which the earthquake
of M = m may produce significant effect.

The average return period T of ground-motion param-
eter X exceeding the given value x may be estimated from
the equation

Py_o [X > x] = exp(—=7T) = Py=; [X <x] (11)

assuming Poissonian distribution of the events (ground-
motion exceedance) with mean rate v,.

The technique described previously has been used for
the probabilistic seismic-hazard assessment in various
regions in the former USSR (the Caucasus, Central Asia,
Sakhalin Island) (Chernov, 1989; Chernov and Sokolov,
1991).

To make the results of probabilistic seismic-hazard as-
sessment clearer and more useful for engineering purposes,
the so-called deaggregation procedure is used (e.g., Mc-
Guire, 1995; Bazzuro and Cornell, 1999, Harmsen et al.,
1999). The hazard is represented by a single or several earth-
quakes of certain M and R (so-called dominant earthquakes)
that determine the motion in a given frequency range.
Ground-motion parameters for engineering purposes can be
obtained (generated or selected) for these (M, R) pairs. Gen-
erally, a single dominant earthquake will not reasonably rep-
resent the uniform-hazard spectrum, and multiple-design
events should be considered. For example, McGuire (1995)
proposed to study contribution to hazard for two frequencies,
1 Hz and 10 Hz, and to estimate design earthquake param-
eters (magnitude and distance) for short and long periods
separately. Harmsen et al. (1999) determined dominant
earthquakes for frequencies of 1 Hz and 5 Hz in the central
and eastern United States and showed that the parameters of
these events (M, R) depend on exceedance probability and
seismicity patterns.

Since any ground-motion parameter can be extracted
from the acceleration time series, in this study dominant
earthquakes determined for a given return period (probabil-
ity of exceedance) are used for generating ground-motion
time series for the whole frequency band studied on the basis
of UHFAS. These spectra are intended to provide an account
for the small and large, nearby and distant events. Therefore,
the time series generated on the basis of UHFAS (hazard-
compatible or uniform hazard accelerograms) do not repre-
sent ground motion for a single earthquake but may be con-
sidered as a combination of the motion components in the
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chosen frequency band, parameters of which (spectral am-
plitudes) will not be exceeded with a certain probability in
a specified time period (e.g., 10% in 50 years). Actually,
when the engineering design requires the mutual consider-
ation of various frequencies, say 1, 3, and 10 Hz, the vibra-
tions at which are contributed by different events, the use of
uniform hazard accelerograms for dynamic analysis could
be a source of additional conservatism in engineering deci-
sions, because it simultaneously implies the influence from
several earthquakes; for example, small nearby earthquake
and a large, distant one. However, in this case, standard pro-
cedure of the determination of so-called design earthquakes
representing the influence of dominant (M, R) pairs may be
used on the basis of the hazard deaggregation performed.
The scheme of this approach is shown in Figure 1, and the
details are described in the following examples. Peak ground
acceleration and response spectra that are determined using
these time histories are the hazard-compatible estimations.

Site Application

It is assumed that seismicity is associated with broad
zones tens of kilometers wide, and the so-called area model
is used. The procedure uses a system of grid points (ele-
mentary area) with 10 km X 10 km spacing. Possible earth-
quakes will occur within a volume of the Earth crust, and
their hypocenters are located under central points of the grid.
Every elementary area is characterized by the following pa-
rameters: (1) minimum (M,;,) and maximum (M,,,,) mag-
nitudes of possible earthquakes that will occur underneath
the segment; (2) probability distribution of hypocentral
depth for earthquake sources M,,;, = M = M,..; (3) rates
of earthquake recurrence per unit time and unit area; and (4)
source (near-field) Fourier acceleration spectra. Earthquake
sources are modeled as ellipsoidal planes, and rupture area
depends on the magnitude. The relationships between earth-

IUniform Hazard Fourier spectra |
T

Contribution to Hazard
by earthquake magnitude and distance
for different frequencies
¥

Weighting of the spectra . l _

considering contribution Duration of ground motion

from Dominant earthquakes for Dominant earthquakes
T

Ground motion time functions for weighted spectra

representing the influence from Dominant earthquakes
i

Summation of the time functions.
Hazard-compatible Accelerogram

l Hazard-compatible PGA and response spectra

Figure 1.  Scheme of probabilistic seismic hazard
assessment in terms of peak ground acceleration
(PGA) and response spectra on the basis of uniform
hazard Fourier acceleration spectra.
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quake magnitude and source dimensions proposed for re-
verse slip intraplate events by Shteinberg (1983) are used.

logo L = 0.45 M — 1.54 (12)

where L is the source length (km), and § is the source area
(km?). The uncertainty in the geometry of the sources is
considered using the following: every source is characterized
by a set of strike and dip angles (3-5 values with corre-
sponding weights), and the distance between the site and the
nearest point of the source is calculated as the average value.

Two seismic regions are considered in this study: the
Turan Plate (Central Asia, Gazli region) and the Caucasus
(northern Armenia, Spitak region). Catastrophic earthquakes
have occurred in these regions during the last 25 years, and
the observed maximum shaking intensities were more severe
than the building codes provisions. The building codes used
in the former USSR and, at present, in Russia (Paz, 1994)
are based on the macroseismic intensity value (MSK scale)
assigned to a given seismic region (so-called design inten-
sity). Certain PGA values (design acceleration) are specified
for every design intensity and, along with site-specific nor-
malized design spectra (so-called dynamic coefficient), are
used to determine lateral loads.

Gazli region. Since 1976, three major earthquakes have
occurred in the Kyzyl-Kum desert of western Uzbekistan,
USSR (Fig. 2). The first event on April 8, 1976 (M, = 7.0)
was located approximately 30 km northeast of the town of
Gazli. On 17 May 1976 the second shock, with a magnitude
M, = 7.2, occurred approximately 20 km west of the first
event. On 19 March 1984 the third large M, = 7.1 earth-
quake occurred at a distance of approximately 20 km north-
west of Gazli. All three events resulted in extensive damage
to the town; observed intensities ranged from MSK VIII to
MSK IX-X during the events of 1979 and MSK VIII-IX in
1984 (Djuraev et al., 1986). An accelerograph installed in
the epicentral area before the 17 May event recorded a max-
imum vertical acceleration of 1.3 g, and the maximum hor-
izontal accelerations are about 0.6-0.7 g (Pletnev et al,
1977). These earthquakes occurred in an intraplate region
that had previously exhibited relatively low seismic activity.
The area was assigned a low seismic risk (Medvedev, 1976),
and the design intensity quoted from the building codes for
the town of Gazli was MSK VII (design acceleration = 100
cm/secz) before 1976. However, two earthquakes with in-
tensity VI to VII and VII to VIII were felt in the city of
Bukhara, which is located 80 km SE of Gazli, in 818 and
1390 (Krestnikov et al., 1980). After the earthquakes of
1976, the building code’s design intensity was raised to
MSK VI (return period 1000 years; 5% probability of ex-
ceedance in 50 years; design acceleration = 200 cm/sec?)
in 1982. The schematic map of seismic source zones pub-
lished after the earthquakes of 1976 (Ibragimov, 1979) is
shown in Figure 2. The seismicity is associated with broad
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Figure 2.  Schematic map of seismic source zones
in the Gazli region.

zones tens of kilometers wide that stretch along major fault
zones (Bukhara and Bukhara-Ghissar). The zone boundaries
are based on regional tectonic and geologic features and seis-
micity patterns.

Spitak region. The Spitak earthquake of 7 December
1988 (Northern Armenia, the Caucasus) caused numerous
casualties and severe damage in northern Armenia (Wyllie
and Filson, 1989; Yegian et al., 1994a). Three main cities
were affected by this earthquake: Spitak, Leninakan, and
Kirovakan. Spitak experienced a devastating shock: 90% of
its two-story or taller buildings either collapsed or were dam-
aged beyond repair and were later demolished. In Leninakan
the number of collapsed/demolished (two-story and taller)
buildings reached 54% of total amount, and Kirovakan sus-
tained a relatively moderate degree of damage. The design
intensity stated in the building codes (1982) was MSK VIII
(return period 1000 years; design acceleration = 200 cm/
sec?) for Leninakan, and MSK VII (return period 100 years,
design acceleration = 100 cm/sec?) for Spitak and Kiro-
vakan. The maximum observed intensity (the city of Spitak)
caused by the earthquake was estimated as MSK IX-X (Wyl-
lie and Filson, 1989). Historical seismicity records show
high levels of seismic activity in the region, and in 1926 a
M 5.8 earthquake struck Leninakan, causing serious damage
(MSK VII-VIII). In this study, the scheme of seismic source
zones (Fig. 3) published in 1983 (Sikharulidze et al., 1983)
was used. The seismicity is associated with broad zones that
stretch along major fault zones. It is supposed that large (M
> 6.0-6.5) earthquakes may occur within the intersections
of these fault zones, and the Spitak earthquake was not an
exception.

It is necessary to note that for the seismic zones in Gazli
and Spitak regions, M, values for each zone were assigned
on the basis of geological and geophysical data and historical
seismicity (maximum observed historical earthquakes). Ac-
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Figure 3. Schematic map of seismic source zones
in the Spitak region.

tually, determination of maximum magnitudes for source
zones is done subjectively, using a variety of approaches. A
complex study of all available information associated with
the earthquake origin (data on the geodynamics and structure
of the Earth’s crust, on the positions and dimensions of re-
cently active faults, on the boundaries and sizes of individual
geological blocks, on the structural depth discontinuities, as
well as on the relations between geophysical fields and seis-
mic activity) may produce detailed maps of possible maxi-
mum earthquakes varying from M 4.0-5.0 to 8.0-8.5 (e.g.,
Schenk et al., 1996). At present, it appears also to be a gen-
eral rule to assign values near 6.5-7.0 for the inactive areas,
with perhaps M., 7.5 to 8.0 in tectonically active fault
zones (e.g., Dowrick et al, 1998). However, at the same
time, very low frequency of large event occurrence is as-
sumed for the inactive areas. Using a combination of seis-
micity and geological data, Jakob er al. (1994) assigned
M, .. from M 5.5 to 7.0 to the northeastern United States
(the lowest M,,,,, corresponds to the lowest seismicity rate).
There can be no doubt that the assessment of maximum
earthquakes for source zones is ultimately a judgement in-
volving considerable uncertainty (Coppersmith, 1991). The
author intended to base the calculations, as much as possible,
on the most comprehensive data (seismic-source zones and
seismicity) available before the earthquakes, and only for
the Gazli region the results of post-earthquake studies were
used. To avoid the influence of the zone boundaries, a
smoothing procedure was used: an subsidiary source zone
was applied to provide a smooth change of the M,,,,.

On the other hand, when basing the hazard calculation
on these seismic source maps, the minimum magnitude of
4.0 should be used. It is a common practice to fix M,,;, =
5.0-5.5 because it is accepted that the smaller events could
not produce a significant damage. However, the sensitivity
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analyses for seismic-hazard estimation showed that for
short-return periods the influence of small earthquakes (M
< 5) are important at high frequencies. When designing
some kinds of machinery and equipment of hydrotechnical
(and other) power plants, it is necessary to consider short-
return periods (10-50 years) and high-frequency (up to 10—
15 Hz) vibration (e.g., Masopust, 1999). It will be shown
below that in the case of the Spitak region the events of M
< 5 bring a certain contribution to hazard (up to 50-60%)
at high frequencies (f > 8-10 Hz) and, therefore, cannot be
neglected.

Earthquake recurrence models were determined for each
source zone using regional catalogues on the basis of fre-
quently used magnitude-frequency relationship

log N, = a — bm (14)
where a and b are the regional constants, and V,, is the num-
ber of earthquakes of magnitude m + &m per unit time and
unit area. The source spectra of ground acceleration used in
calculation are shown in Figure 4. For the Spitak region,
spectral scaling and attenuation models were determined on
the basis of analysis of ground-motion recordings obtained
in 1988-1989 during the Spitak earthquake observation
(Sokolov, 1998a). The basic w-squared Brune spectrum can
be used in the Spitak region to describe ground-motion-
acceleration spectra A at frequency f on rock sites in the
following way (Boore, 1983)

A(f) = Cafy* CS(HDR, f) (15)
where C is the scaling factor; S(f) is the source spectrum;
and D(R, f) is the function that accounts for the frequency-
dependent attenuation.

The scaling factor is given by

C = (RoFV(@dmpf* R) (16)
where (Ry,,) is the radiation coefficient, F is the free-surface
amplification, V represents the partitions of the vector into
horizontal components, p and J are the density and shear
velocity in the source region, respectively, and R is the hy-
pocentral distance.

A commonly used source function S(f) in the Brune’s
(1970) model is

S(H = My/ll + (flfo)] (17)

For the Brune’s model, the source-acceleration spec-
trum at low frequencies increases as f2 approaches a value
determined by f, (corner frequency) and M, at frequencies

f > f,. The value of f,, can be found from the relation f, =

4.9 X 10° B (Ac/My)". Here Ac is the stress parameter in
bars, M, is the seismic moment in dyne-cm, and f is in km/
sec. The level of the spectrum remains approximately con-
stant for frequencies above f, until the cut-off frequency f .«
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Source (near-field) Fourier spectra of ground acceleration. (a) the Gazli

region, the empirical model based on ground motion data, soft soil; (b) The Spitak
region, hard rock, Brune’s w-squared spectra.

is approached. The amplitude of the spectrum decays rapidly
at frequencies above f,,.. The function D(R, ) modifies the
spectral shape and depends on the hypocentral distance (R),
regional crustal material properties, the frequency-dependent
regional quality factor Q, and f.,,,. These effects are repre-
sented by the equation

DR, f) = expl —afRIQ()BIP(f. finax) (18)

where P(f, i) 1S a high-cut filter. For the filter the follow-
ing expression (Boore, 1983) was used: P(f, fna) = [1 +
(> fia)®17 %3, The quality factor Q(f) in equation (18) is
determined following the empirically derived form (Boore,
1987)

0 = 294 [1 + (£/0.37*°/(f10.3)*] (19)

The stress-drop parameter Ac changes from 150 bars for
earthquakes of M = 4 to 50 bars for events of M = 7
(Sokolov, 1998a). The values of cut-off frequency f .. are
10 Hz for all cases.

The empirical models of source (near-field) spectra and
attenuation relations were used in the case of the Gazli re-
gion. The specific approach to the determination of empirical
relationships between Fourier amplitude spectra, magnitude,
and distance was developed by Chernov (1989). According
to empirical data, the spectral amplitudes (A) insignificantly
vary with distance near earthquake source (the so-called
near-field zone). The dimensions of this zone (R;) depend
on the earthquake magnitude and are close to the source
length L for moderate and strong magnitudes. Shteinberg
(1986) offered to approximate R, by the relation

log,o Ry = 0.195 M + 0.039 (20)
A similar relation was obtained by Chernov (1989). In the
far-field zone (R > R,), the values log;, A decrease propor-
tionally to distance, and the relationship between A and R
may be represented as

21

logloA = + a loglo R

or

logip A = log;g Ay + a, logyo (R/Ry) (22)
where A is the spectrum in the near-field zone. Coefficients
a, determine the attenuation of the spectral amplitudes with
distance and depend on the frequency f as

at f = f,

at f > f, (23)

_ Jeonst = b + by logofy
M= b + b, logof

Here f, is Brune’s corner frequency.
Chernov (1989) obtained the following frequency de-
pendence (world-mean data)

a, = (—0.68 £ 0.08) log;of — 1.60 = 0.18 (24)

The coefficients a; are region-dependent. In areas of
relatively consolidated crust (such as the Gazli region), spec-
tral amplitudes decrease more slowly with distance, by 20—
30%, than in areas with inhomogeneous crust (for example,
the Caucasus). Moreover, at distances of 50-200 km, the
spectral amplitudes attenuate more slowly than at shorter
distances. These results are confirmed experimentally (Tri-
funac and Lee, 1989; Atkinson and Mereu, 1992) and may
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be interpreted in terms of superimposed direct waves and
waves reflected from interfaces in the middle mantle and the
Moho-discontinuity.

The magnitude dependence of the Fourier spectral am-
plitudes are described in terms of the parameter By =
Alog,oA/AM (logarithmic increment of the spectral ampli-
tudes per unit magnitude). The coefficients B, increases
with decreasing frequency; that is, as the source energy in-
creases, the intensity of low-frequency vibrations increases
more rapidly than that of high-frequency vibrations. The re-
lation By(f) can be represented as

at f = fy

By = const = ¢ + ¢; logiofo
M at f > fo

¢ + ¢ logyof (25)
The parameters of relation (¢ and c;) depend on the style of
faulting, and for a group of reversed-fault (thrust) earth-
quakes, including the Gazli events of 1976 and 1984, the
following averaged relation can be used (Chernov, 1989)

Py = —0.46 log,of + 0.64 (26)
Note that this approach accounts for both the focal mecha-
nism effect and the regional features of the seismic radiation
propagation related of geological structure. The spectral
model for the Gazli region was determined on the basis of
available ground-motion data obtained during the earth-
quakes of 1976 and 1984 (Chernov, 1989), and the spectra
correspond to the following site conditions: sandy loam over
stiff clay, soft soil layer thickness ~ 50 m, S-wave velocity
0.3-0.4 km/sec.

Results and Discussion

It can be seen from equations (9) and (10) that the total
probability of ground-motion parameter X not to be ex-
ceeded is determined by multiplication of probability func-
tions for different M and R values. Therefore, it is possible
to determine the influence from every (M, R) pair, and the
“dominant earthquake” for a given return period should be
characterized by the largest value (1 — Pyy—pp g=p) [X =
x]). Note that the distribution of the earthquake depths and
occurrence of the events have been already taken into con-
sideration. The value x controlling the contribution of (M,
R) pairs is determined using equation (11) for a given return
period T (probability of exceedance in a specified exposure
time). Here R is the distance from the site to the center of
the elementary area, which is considered as the “epicenter”
for all earthquakes occurring at different depths underneath
the area.

As arule, a 10% probability of exceedance in 50 years
applies to most building codes for ordinary buildings. It cor-
responds to 1/475 annual probability of exceedance (or re-
turn period of 475 years). For buildings classified within
other categories of importance, the different return periods
(annual probability of exceedance) may be applied (from
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200 up to 2500 years). Reference return periods from about
100 to 1000 years are generally applicable to electrical sys-
tem components, and larger return periods (up to 10000
years) are applicable to dams (Little and Meidal, 1994), nu-
clear power plants, and other critical facilities. Several build-
ing codes specify two levels of demand on structural behav-
ior: so-called serviceability limit state (SLS) and ultimate
limit state (ULS). For example, the New Zealand’s code op-
erates with SLS corresponding to return period of 20 years
and ULS corresponding to return period of 1000 years, and
return periods of 475 and 2500 years are used in China (Paz,
1994). The models of “cumulative damage” also require as-
sessments for short-return periods. At the same time, short-
return periods (less than 50 years) may also be useful for
estimation of the hazard assessment reliability by comparing
with available ground motion recordings. Therefore, in this
study, various return periods (from 50 to 5000 years) have
been considered.

Figures 5 and 6 show the relative contribution to Fourier
spectra hazard by earthquakes of M and R for various return
periods at different frequencies. For the town of Spitak
(Fig. 5), the hazard for small return period (T = 50 years,
40% probability of exceedance in 50 years) is determined
by nearby earthquakes M = 5 for intermediate and high
frequencies (f > 1-2 Hz). The M = 4 events also bring a
certain contribution (up to 50-60%) at high frequencies (f
> 8-10 Hz) and, therefore, cannot be neglected. The nearby
earthquakes of M = 6 are “dominant” for frequencies ' <
1.0-0.5 Hz, and large (M = 7) distant (R > 80-100 km)
events are “dominant” in the low-frequency domain (f < 0.3
Hz). Distances of more than 80—100 km correspond to zones
with M., = 7.0 situated around Spitak (see Fig. 3), and
bearing in mind the total area of the zones, the probability
that at least one strong earthquake will occur in these zones
during the time period of 7 = 50 years is considerable, as
compared with the strong earthquake occurrence in the near-
est area of M,,,, = 7.0. When increasing return period 7,
the influence from intermediate and large earthquakes be-
comes “dominant” for the whole frequency range, and the
hazard is completely determined by nearby events of M =
6-7 for T > 2000 years.

In the case of the town of Gazli (Fig. 6), the hazard is
determined by nearby (R = 10 km) earthquakes of M = 6
that may occur in the nearest seismic zone of M,, = 6.0,
and by relatively distant (R =~ 40-60 km) earthquakes of
M = 7 that may occur in the seismic zone of M,,, = 7.0,
situated north the town. It is necessary to note that the “con-
tribution” of nearby M = 6.0 events increases with increas-
ing return period, and such events are completely “domi-
nant” for frequencies f > 3.0—4.0 Hz for large return periods
(T = 500-1000 years). This distribution of “dominant earth-
quake” parameters versus return period differs from the case
of the Spitak town due to peculiarities of seismic zone
boundaries and location relative to the site.

To describe the procedure of the UHA generation, let
us consider return period of 50 years and the Spitak area. In
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this case, bearing in mind the contribution to hazard (Fig.
5a), it is possible to choose a set of at least five “dominant
earthquakes”, namely: (a) M = 4.0, R = 5-10 km; (b) M
= 5.0,R = 5-10km; (c) M = 6.0, R = 5-10 km; (d) M
= 7.0, R = 100-120 km, and (e) M = 7.0, R = 140-150
km. Figure 7 (solid line) shows Uniform Hazard Fourier
spectrum of ground acceleration (rock site) calculated for
return period of 50 years. This spectrum has been weighted
taking into account the relative contribution from “dominant
earthquakes” to produce “characteristic” spectra that repre-
sent influence from “dominant earthquakes” (Fig. 7, dotted
lines). These spectra are used to generate the “dominant
earthquake compatible” ground-motion time series. The sto-
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Figure 5. Relative contribution (percentage) to
Fourier spectra hazard by earthquakes of magni-
tudes M versus ground-motion frequency and earth-
quake distance for different return periods (the Spi-
tak region).

chastic technique proposed by Boore (1983) was applied in
this study. One of the most important parameters of the tech-
nique is the duration model, in which it is assumed that most
(90%) of the spectral energy is spread over a duration T
of the accelerogram. The frequently used duration models
are the following:

Too = To + DR (27)

where 1 is the source duration and bR represents a distant-
dependent factor to account for dispersion (Atkinson, 1993;
Atkinson and Boore, 1995);
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soil sites (equations 28-29) were used for the Spitak region,

and that for soil sites (equation 29) was used for the Gazli
region. A set of acceleration time functions (30-40 acceler-

ograms) is calculated for every “characteristic spectrum” us-

ing a simple envelope function (Boore, 1983)

]

Figure 7.  Uniform hazard Fourier spectrum (thick
solid line) of ground acceleration (the Spitak region
hard rock, return period of 50 years) and “weighted”

spectra (dashed lines) representing contribution from

at® exp(— ct)H(?)

the “dominant earthquakes” of magnitude M and dis-

tance R.

(30)

w(t)
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where H(f) is the unit-step function; b and c are the shape
parameters. The peak of the envelope occurs at some fraction
¢ of a specified duration 1,4, and values of b and ¢ are de-
termined by € (¢ = 0.2 in this study) and 74 ¢ (Boore, 1983).
Actually, other region- and site-dependent envelope models
can be used (see, for example, Huo and Hu, 1994), and it
seems to be useful to consider frequency-dependent strong-
motion duration (Caillot and Bard, 1992; Trifunac and No-
vikova, 1995).
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Figure 8a shows examples of synthetic time histories
that correspond to the weighted spectra shown in Figure 7.
Summation of these functions produces the uniform hazard
Fourier spectrum-compatible accelerograms (UHA). Due to
incoherence of summation, the summed amplitude should
be multiplied by N'? (Joyner and Boore, 1986; Beresnev
and Atkinson, 1997) for high frequencies, where N is the
number of the “characteristic accelerogram” (or “dominant
earthquakes”). Figure 8b compares averaged and smoothed
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Figure 8.  (a) Ground motion time functions (acceleration, cm/sec?) representing in-

fluence from the “dominant earthquakes” (the Spitak region, hard rock, return period
of 50 years) and uniform hazard accelerogram; (b) Comparison of uniform hazard
Fourier spectrum (the Spitak region, hard rock, return period of 50 years) and the
smoothed spectrum averaged from a set of 40 uniform hazard accelerograms.
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spectrum of a set of UHAs with target uniform hazard
Fourier spectrum and shows that the two match reasonably
well for all frequencies. When a set of site & region & return
period—dependent UHAs is calculated, the maximum am-
plitude averaged from the set produces the so-called PGA
hazard, and the uniform hazard response spectra (UHS) can
be evaluated for the necessary damping ratio. Table 1 lists
PGA values estimated using this approach for different re-
turn periods and site conditions.

As previously noted, the influence of local soil condition
can be accounted for using site amplification functions when
estimating ground-motion parameter (Fourier spectrum at
given frequency, equation 5). These amplification functions
(or spectral ratios) may be different for small and large, dis-
tant and close earthquakes, reflecting nonlinear soil re-
sponse. It is possible also to consider uncertainty of site
response describing the latter as a random variable and
introducing a probability distribution function for every fre-
quency. “Site-dependent” UNFAS reflect occurrence of
large and close events which can produce non-linear effects,
and therefore UHAS should provide an account of these phe-
nomena. In this case, however, it is necessary to describe
quantitatively nonlinear behavior of site response in terms
of site amplification functions. In this article the possibility
of nonlinear phenomena in soil during considered events has
not been taken into account.

Let us consider soil amplification effect for the city of
Leninakan (at present renamed Gumri) that suffered severe
damage during the Spitak earthquake (Wyllie and Filson,
1989; Yegian et al., 1994a,b). The city is located in the cen-
ter of a flat wide valley (20 km by 16 km). The soil deposits
in this basin consist of a top 35-50 m of stiff silty-sandy
clays, occasionally containing layers of sand and tuff, un-
derlain by about 300-350 m of very stiff lacustrine clays.
Figure 9a shows the spectral amplification function (SV-
waves, soil/rock) for Leninakan calculated using soil model
data published in Wyllie and Filson (1989) and averaged
from four angles of incidence (0, 10, 20, and 30 degrees).
The slightly nonlinear behavior of the stiff low-plasticity
clays has been considered, and this amplification function
was used to calculate UHFAS for return periods up to 475
years (PGA;_,;5s ~ 200 cm/sec for rock sites, Table 1).
Figure 9b compares UHS (5% damped) calculated using the
proposed scheme (Fig. 1) for condition of hypothetical rock
site and Leninakan, and Figure 9¢c shows normalized (di-
vided by correspondent PGA value) UHS and standard
curves dictated by the building codes for the territory of the
former USSR and, therefore, for the Spitak region (Paz,
1994) for so-called average soil or soil category II; shallow
(thickness of 15-20 m) clay in a hard state, or unsaturated
sandy loam (ground water depth is more than 10 m).

It can be seen that the level of normalized UH spectra
exceeds standard curve for periods longer than 0.4-0.5 Hz.
It has been pointed out (Wyllie and Filson, 1989; Yegian et
al., 1994b) that the amounts of damage in Leninakan in-
creased with the increase of the period of the structures, and
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Table 1

Comparison of Ground-Motion Data and PGA Hazard
Assessment Obtained Using Uniform Hazard Fourier Spectra

PGA Hazard Assessment (cm/sec*sec)
Return Period (years)

Region and Site 50 100 200 475 1000 2000 PGA Valuest
Northern Armenia

Rock Site 50 85 130 200 280 360 200-250*

Leninakan City 70 110 170 350 — —  320-390*
Western Uzbekistan

Gazli Town 25 60 125 180 300 430 200-300:

*The data from Yegian et al., 1994c
FObserved during the earthquakes or were estimated independently.
+The data from Shteinberg et al., 1980

95% of residential buildings with periods more than 0.6 sec
collapsed or had to be demolished due to heavy damage. At
the same time, shorter-period (less than 0.4 sec) buildings in
Leninakan were damaged approximately equally to those,
for example, in Kirovakan, the other big city that experi-
enced severe damage. As has been noted previously, follow-
ing the building codes that were in force before the Spitak
earthquake, seismic loads for Leninakan should be deter-
mined using the design curve for soil category II multiplied
by design acceleration 200 cm/sec’. Let us consider return
period 475 years (10% probability of exceedance in 50
years) that is usually accepted for ordinary building. In this
case, the design acceleration for Leninakan was estimated as
350 cm/sec? (see Table 1). It should be noted, that this value,
as well as our estimations for rock site (200 cm/sec?), co-
incides with calculations of peak horizontal accelerations on
the rock outcrop and ground surface in Leninakan during the
Spitak earthquake (250 cm/sec® and 320-390 cm/sec?, re-
spectively, after Yegian et al., 1994c¢). Figure 9d shows com-
parison between the building code’s response spectra (design
curve multiplied by design accelerations 200 cm/sec?, which
was in force before the Spitak earthquake, and 400 cm/sec?,
which was stated after the earthquake) and UHS estimated
for return period 475 years. Strong ground motion records
from the main shock of the Spitak earthquake are not avail-
able for Leninakan. Yegian et al. (1994c) performed the 1-
D soil-response analyses using characteristic soil profile
models and adjusted main-shock accelerogram registered in
town of Ghoukasian. The acceleration response spectra (N-
S and E-W components) of calculated ground surface motion
are also shown in Figure 9d. From the comparison, it is
possible to conclude that the extensive building damage in
Leninakan was caused not only by the effect of soil ampli-
fication, but also by the high overall level of seismic shaking
as compared with the building code provisions which were
in force before the earthquake. The uniform hazard site-de-
pendent response spectrum estimated for return period 475
years almost completely overlaps the Spitak earthquake
spectra (Fig. 9d), that suggests its applicability to be used in
the building code. At the same time, new building code’s
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Figure 9. Leninakan city; (a) spectral amplification (soil/rock) for Leninakan city;

(b) uniform hazard response spectra (5% damped) estimated for return periods 7 for
condition of rock sites (dashed lines) and Leninakan city (solid lines); (c) comparison
between the building code’s standard “design” spectrum (1) and normalized uniform
hazard response spectra estimated for return periods of 50 (2); 200 (3) and 2000 (4)
years; (d) comparison of 5% damped response spectra for Leninakan city. 1, 2: spectra
proposed by the building code (“design spectra” multiplied by “design acceleration™)
which were in force before the Spitak earthquake (1) and have been stated after the
earthquake (2); 3: response spectra (N-S and E-W component) of estimated ground
surface motion during the Spitak earthquake (Yegian et al., 1994c¢); 4: uniform hazard

response spectrum for return period of 475 years.

response spectrum seems to underestimate seismic loads for
periods more than 1 sec. It is necessary to note that our
assessment of seismic hazard has been obtained on the basis
of tectonic and seismicity data that were available before the
Spitak earthquake, although source scaling and attenuation
model have been established on the basis of strong motion
data obtained after the earthquake.

Actually, it is necessary to take into account the uncer-
tainty of the duration estimated for a given “dominant earth-
quake”. The influence of the duration variability may be
estimated using calculations of the UH accelerograms
assuming mean and mean * standard deviation values. Fig.
10 shows UHS estimated for the conditions of rock site (the
Spitak area) and deep deposits (the city of Leninakan) for

return period of 475 years using mean, mean — 1 o, and
mean + 1 ¢ duration values for dominant earthquakes. The
corresponding estimations of PGA values are listed in Table
2. The difference of the UHS estimations depends both on
the accepted ground-motion duration values and oscillator
period. Therefore, the uncertainty of the results causing by
the ground-motion duration scatter should be estimated.
Figure 11a shows the UHS (5% damped) calculated for
different return periods for the town of Gazli. Table 1 lists
PGA values obtained from UHAs (average values from 40
simulations), and Figure 11b compares normalized (divided
by correspondent PGA value) UHS and standard curves dic-
tated by the building codes for the territory of the former
USSR and, therefore, for the Gazli for soil category II. Fig-
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ure 11c shows comparison between the building code’s re-
sponse spectra (design curve multiplied by the design ac-
celeration of 100 cm/sec?, which was in force before 1976,
and 200 cm/sec?, which has been stated after the earthquake)
and UH response spectra estimated for return periods of
475 and 1000 years. It is seen that, in this case, the shape of
normalized UH response spectra depends on the chosen re-
turn period, and the ratio between long- and short-period
spectral amplitudes decrease with increasing of return pe-
riod. This phenomenon reflects the increase of relative con-
tribution to spectral hazard at high frequencies from close
events of M = 6.0 (that produce intensive high-frequency
radiation) with increasing of return period. Peak ground ac-
celeration values in the town of Gazli during the earthquakes
of 1976 were estimated as about 200—-300 cm/sec?® (Shtein-
berg et al., 1980), and our estimations are 180 cm/sec? and
300 cm/sec? for return periods of 475 and 1000 years, re-
spectively (Table 1). It is seen from Figure 11c that the ex-
tensive building damage in the town of Gazli during the
earthquakes of 1976 was caused by the high overall level of
seismic shaking as compared with the building code provi-
sions which were in force before the earthquakes. At the

Table 2

Peak Ground Acceleration (PGA) Estimations Obtained Using
Different Duration Values for “Dominant Earthquakes”*

Duration Values (sec)

Magnitude mean — 1 st. dev. mean mean + 1 st. dev
Spitak region, rock site
5.0 2.8 4.5 7.0
6.0 4.6 7.2 11.0
7.0 8.0 11.5 18.0
PGA, cm/sec*sec
250 200 180
Leninakan city
5.0 3.7 6.4 7.0
6.0 5.6 9.7 17.0
7.0 8.4 14.6 25.0
PGA, cm/sec*sec
420 350 300

*Return period 475 years.

same time, results of seismic hazard calculation for return
period of 1000 years, as well as existing “standard spectrum”
for soil category II, may be considered as appropriate to be
used as the code’s provisions in this case.

Conclusions

This article presents an integrated approach for evalu-
ating site-dependent seismic hazard in terms of ground-
motion parameters used for engineering purposes. In the pro-
posed approach, a probabilistic seismic-hazard analysis in
terms of Fourier acceleration spectra is performed to gen-
erate a hazard curve. The site-dependent uniform hazard
Fourier spectra are obtained for a given soil condition using
spectral amplification functions. Then, the so-called domi-
nant earthquakes contributing to the hazard are determined
for a given return period (probability of exceedance) in the
considered frequency range. The uniform hazard Fourier
spectra are weighted taking into account the contribution
from dominant earthquakes to produce the so-called
weighted spectra that represent the influence from dominant
earthquakes. These weighted spectra combined with strong-
motion duration determined for dominant earthquakes are
used to generate ground-motion time series, the summation
of which produce Uniform Hazard spectra-compatible ac-
celerograms, or UHAs. The hazard-compatible site & region
& return period-dependent PGA and response spectra (uni-
form hazard response spectra) are determined using these
time functions which, in turn, may be used as design ground
motion for dynamic analyses of structures. The approach has
been tested by using for estimation of design parameters
(response spectra and PGAs) for regions recently experienc-
ing destructive earthquakes, namely, northern Armenia, the
Lesser Caucasus (region of the Spitak earthquake of 1988),
and Gazli, Central Asia (region of the Gazli earthquakes of
1976 and 1984). The estimations of “site & region-
dependent” PGA and response spectra for the return periods
of 475 and 1000 years (10% and 5% probability of exceed-
ance in 50 years), that were obtained using the proposed
approach, were compared with the data observed (or esti-
mated independently) during these earthquakes.

The major goal of every seismic-hazard map is to pro-
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The town of Gazli; (a) uniform hazard response spectra (5% damped)

estimated for various return periods 7; (b) comparison between the building code’s
standard “design” spectrum (1) and normalized uniform hazard response spectra esti-
mated for return periods of 50 (2); 200 (3) and 2000 (4) years; (c) comparison of 5%
damped response spectra for the town of Gazli. 1, 2: spectra proposed by the building
codes (“design spectra” multiplied by “design acceleration”) which were in force before
the Gazli earthquakes of 1976 (1) and have been stated after the earthquakes (2); 3, 4:
uniform hazard response spectra for return period of 475 and 1000 years, respectively.

vide an information on the expected seismic influence, and
the engineers should design the construction to be able to
withstand the level of vibration. Thus, a question arises “are
these hazard estimations reliable, or how do you (a seis-
mologist) propose to test your predictions?”. Obviously, the
best test is the comparison of actual strong earthquake effects
and hazard maps. So long as the recent building code re-
quirements are based on the results of probabilistic seismic-
hazard assessment, every strong earthquake provides an
unique opportunity to verify the seismic-hazard-assessment
technique, as well as the general principles of design param-
eters [seismic zone factor (PGA), response spectra shapes,
etc.] adoption. Obviously, the provisions should be, at least,
roughly consistent with the future earthquake influence. In
the considered cases, the results of the technique application
show an agreement with the observed effect. Of course, it is
only one realization of an earthquake ground motion, but it

is the largest observed one, and it is seen that the proposed
technique is able to predict the level of the vibration. This
suggests that these estimations may be used as a reliable
basis for building code provisions and engineering decisions,
and bearing in mind reasonable conservatism the recom-
mended hazard level for conventional buildings should cor-
respond to a return period of 1000 years (a probability of
0.05 within 50 years) at least for the considered regions. The
scheme can also be used as a basis for probabilistic (“return
period-dependent”) microzonation in terms of engineering
ground-motion parameters.

The proposed approach allows to obtain, simulta-
neously, during a single computational running, the “site &
region-dependent” design ground-motion parameters, which
are used in engineering practice (PGA, response spectra with
various damping ratios, capacity spectra, time histories), us-
ing a common ground-motion models. Seismic-hazard as-
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sessment in terms of macroseismic intensity (MSK or MMI
scales) can also be obtained using recently established re-
lationships between intensity values and the Fourier ampli-
tude spectra (Sokolov and Chernov, 1998).

The author realizes that there are some simplified as-
sumptions both in the input data and calculation scheme. For
example, the Poisson-process model was used to describe
the earthquake occurrence; a simple point-source ®-squared
model was used for calculation of spectral amplitudes near
the extended source; linear model of soil response has been
used for weak and strong, distant and close events; gener-
alized envelope function was used in ground-motion gen-
eration, and so forth. However, the general scheme of the
approach is capable of being improved as new and more
complete data appear.
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