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ABSTRACT: A seismic hazard assessment (SHA) for nuclear power plants (NPP) contains the so called seismic
hazard curve and uniform hazard spectra for mean return periods of earthquakes of up to 106 years. In a SHA there
are always a lot of uncertainties imbedded. A major uncertainty is the lack of earthquake data. If one likes to
estimate the magnitudes of earthquakes with mean return periods up to 106 years, one has to deal with statistical -
as well as model uncertainty of the probabilistic model of the recurrence relation. Bayesian methods are very
suitable to deal with these kind of uncertainties. In this paper a Bayesian type of SHA will be suggested and
applied to a case study.

1 INTRODUCTION

In (Varpasuo, 1997) a SHA has been performed for the
nuclear power plant of Khmelnitsky in the western part
of the Ukraine and under the influence of the
subcrustal seismic activities of the Vrancea source in
Romania. In (Van Gelder et.al., 1997) a statistical
analysis was performed of the occurrences of
earthquakes in the Vrancea source by combining, with
Bayesian methods, the short instrument catalogue of
100 years with the much longer historical catalogue of
900 years. The results of this analysis will be used to
perform a Bayesian analysis of the SHA of
Khmelnitsky. The SHA will be performed with
SEISRISK III (Bender,1987) and will be adapted to
operate in a Bayesian framework. The Vrancea region
is situated in the Carpathian Arc. It is the source of
subcrustal seismic activity. The hypocentral depths
vary from 60 to 200 kilometers. The Vrancea region is
the transfer region between the layered structures of
the Eastern Carpats and the Carpathian Bend. The
hypocentral depth in this region decreases in eastern-
south-eastern direction, where the subcrustal sources
change to crustal. In terms of global plate tectonics in

the Vrancea region two lithospheric plates collide.
Vrancea earthquakes are very localized and they have
very high seismic energy compared to other
Carpathian earthquakes. The diameter of the Vrancea
source area is about 100 km. Vrancea events are felt in
an enormous area including Romania, Ukraine,
Belorussia, the European part of the Russian
Federation, Bulgaria, Turkey, Yugoslavia, Slovakia,
Czech Republic and Poland. The felt area of Vrancea
earthquakes exceeds a couple of times the felt area of
crustal earthquakes of the same size.

In the time frame from 1091 to 1990 there has
been 56 events greater than 6 in magnitude in the
Vrancea source area. The seismicity of the Vrancea
source in the Western Ukraine has been presented in
the references (Shebalin, 1995), (Bune 1980) and
(Riznichenko,1979). The other interesting source areas
that will be considered in this SHA are the Uzhgorod
and the Russian plain regions. The seismic
characteristics of all above mentioned source areas can
be found from the references given above.
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2 EPICENTRAL MAP

The most relevant material needed for delineating the
source areas in moderate or low seismic areas is the
epicentral map of the investigated area where the
epicenters of the events are denoted with specific
symbols on the map coordinate grid. The clusters of
events, which are presented on these maps, form the
basis for drawing the contour lines of the source areas.
In the investigated region in western Ukraine the
Uzhgorod and Russian plain background seismicity are
spread on relatively large areas with fuzzy boundary
lines in contrast to the Vrancea source where the
epicenters are concentrated on a small area with the
diameter of about one hundred kilometers. Using the
Shebalin catalog the earthquakes with magnitude
greater than 3  inside the investigated window 20  E-31
 E and 44   N - 52   N and between the years of 1091
and 1990 were plotted in the map. The resulting
epicentral map is depicted in Figure 1.

Figure 1. Epicentral map of the investigated area.

3 MAGNITUDE RECURRENCE RELATIONS

In addition to source area delineation there are two
other sets of data that are important to SHA. These are
the magnitude recurrence relationships for individual
source areas and the attenuation equations. For
developing the basic sets of relationships the Shebalin,
Bune and Riznichenko references were used for the
Uzhgorod and the Russian plain source areas and the
reference of  Lungu  (1995) was used for developing
the magnitude recurrence relationship for the Vrancea

source area. The classical Gutenberg-Richter
relationship was used for the basic relationship and in
the case of Vrancea this relationship was improved on
maximum magnitude with the aid of Bayesian
statistics. The basic relationships for the Russian plain,
Uzhgorod and Vrancea are as follows:

log N = 0.24 – 0.48M       ( 1 ) 

 log N = 2.1 – 0.68M       ( 2 ) 

 log N = 3.49 – 0.72M       ( 3 )

N in Equations 1,2,3 is the annual number of events
greater or equal than the argument magnitude M. In
log-linear plot Equations (1), (2) and (3) are straight
decreasing lines. The slopes for Vrancea and Uzhgorod
lines are about equal but the Russian plain line is
considerably more flat indicating that the seismicity in
the Russian plain background source is much more
diffuse than for the Uzhgorod and Vrancea sources.
Also,  there is a clear difference between the sources in
the level of seismicity which is indicated by the value
of the constant in Equations (1), (2) and (3). The higher
the value of the constant the higher the seismicity. The
plots of Equations (1),(2) and (3) are depicted in Figure
2:

Figure 2. Magnitude recurrence relations for three
sources.

A Bayesian analysis was carried out with Vrancea
earthquakes of magnitude larger than 6.0. It was found
that a Generalized Extreme Value distribution gave
satisfying results. The final results are included in a
single Figure 3 where a Non-Bayesian estimation of
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the Generalized Extreme Value distribution is shown
on the 56 earthquake observations in the period of
1091-1986. This line is the lower line in Figure 3. The
vertical axis gives the exceedance frequency per year.
In the same figure the Bayesian estimation of the
Generalized Extreme Value distribution is shown. This
is the upper line in Figure 3. Only for magnitudes
higher than 7.0, the Bayesian estimation gives higher
return periods than the Non-Bayesian estimation. This
is the region with return periods larger than 110 years.

Figure 3. Generalized Extreme Value distribution of  a
classical and Bayesian analysis of the Vrancea source
(upper line is Bayesian, lower line is classical).

4 BAYESIAN PARAMETER ESTIMATION

Bayesian inference lays its foundations upon the idea
that states of nature can be and should be treated as
random variables. Before making use of data collected
at the site the engineer can express his information
concerning the set of uncertain parameters 2 for a
particular model fX(x|2), which is a pdf (probabilistic
density function) for X. The information about 2 can
be described by a prior distribution B(2|I). 

Bayes’ theorem provides a simple procedure
by which the prior distribution of the parameter set
may be updated by a dataset X to provide the posterior
distribution of 2, namely,

f(2|X,I)=L(X|2) B(2|I)/K                                      ( 4 )

where

f(2|X,I) posterior density function, conditional 
upon a set of data X and information I;

L(X|2) sample likelihood of the observations 
given the parameters 2

B(2|I) prior density function for, conditional 

upon the intial information I
K normalizing constant

The posterior density function  is a function weighted
by the prior density function and the databased
likelihood function in such a manner as to combine the
information content of both. If future observations XF

are available, Bayes’ theorem can be used to update
the pdf. In this case the former prior density function
now becomes the prior density function, since it is
prior to the new observations or the utilization of new
data. The new posterior density function would have
been obtained if the two samples X and XF had been
observed sequentially as one set of data. The way in
which the engineer applies his information depends
upon the objectives in analyzing the data. If we are
involved in calculating the frequency of Richter
magnitides X, then the inferences we make on X
should reflect the uncertainty in 2. In the Bayesian
framework we are interested in the so-called predictive
function:

fX(x) = IfX(x|2) f(2|X,I)d2                                    ( 5 )

where fX(x|2) is the probabilistic model of Richter
magnitudes, conditional upon the parameters 2 and
fX(x) is the predictive distribution of Richter
magnitudes, now parameter free. In popular words:
“the uncertainty in the  parameters have been
integrated out”. 

The predictive distribution can be interpreted as
being the distribution fX(x|2) weighted by f(2|X,I).
Inferences made by combining new information are
achieved by updating the distributions of the uncertain
parameters through Bayes’ theorem and then by
calculating the updated predictive function fX(x). 

If we want to “summarize” the posterior
distribution of  2 by one parameter we can use the
Bayes estimator 2* = E(f(2)) or   2* = max(f(2))
(associated with a quadratic loss and 0-1 loss function
respectively). In making inferences on Richter
magnitudes it is important to use the predictive
function for x, as opposed to the probabilistic model
for x with the Bayes estimator for the parameter set 2,
i.e. f(q|2*). This is because using point estimators for
uncertain parameters underestimates the variance in
Richter magnitudes. 

5 ATTENUATION EQUATIONS

Two different sets of attenuation equations were used
in this study. The first set is called the set with Dahle



equations and it was formed on the basis of the
material from two references (Dahle, 1990) and (EPRI,
1993). These two references were used to develop the
spectral acceleration attenuation for the frequencies 1,
2, 5, 10, 25, 33Hz and peak ground acceleration for the
Uzhgorod and Russian plain sources. Dahle gave
attenuation equations only up to 10 Hz and the
equations for higher frequencies were generated with
the aid of the EPRI guide such that equivalence was
achieved at 10 Hz between Dahle and EPRI equations.
The Dahle equations are as follows:

Figure 4.  Dahle spectral attenuation for 10 Hz. 

a=2π1.0exp(-7.557+1.33M+ln(1/(R2+132)1/2))-
0.00108(R2+132))/9.81       ( 6 )

a=2π2.0exp((-6.726+1.247M+ln(1/(R2+132)1/2))-
0.00173(R2+132))/9.81       ( 7 )

a=2π5.0exp((-5.442+1.025M+ln(1/(R2+132)1/2))-
0.00412(R2+132))/9.81       ( 8 )

a=2π10.0exp((-4.52+0.769M+ln(1/(R2+132)1/2))-
0.00454(R2+132))/9.81       ( 9 )

a=2π25.0exp((-5.440+0.727M+ln(1/(R2+132)1/2))-
0.00405(R2+132))/9.81     ( 10 )

a=2π33.0exp((-6.720+0.836M+ln(1/(R2+132)1/2))-
0.00419(R2+132))/9.81     ( 11 )

a=exp((-1.471+0.849M+ln(1/(R 2+132)1/2  ))-
0.00418(R2+132))/9.81     ( 12 )

The Equations (6)-(12) give the Dahle spectral
attenuations for frequencies of 1, 2, 5, 10, 25, 33Hz and
for the peak ground attenuation.  The Dahle
attenuation equations were developed for the intraplate
regions from data covering the whole world. This was
the reason that the coefficient of variation for the Dahle
equations is very high. It varies as a function of
magnitude and distance for different spectral
frequencies. In his paper Dahle gave the values
averaged over magnitudes and distances for different
frequencies. These coefficients varied from 0.7 up to
0.9 depending on the frequency. In Figure 4 the
attenuation for 10 Hz is given as function of the
epicentral distance in kilometers and magnitude as the
parameter. The parameter values for magnitude are 3,
3.6, 4.2, 5.2, 5.6, 6.6. Units for spectral accelerations are
in g’s.

The assumptions about the variability of the
acceleration attenuation used in SHA are as follows: 
1. The distribution type around the fit is assumed to

be lognormal so that the logarithm of acceleration is
normally distributed; 

2. the fit is assumed to be the median value of the
distribution;

3. the coefficient of variation of the acceleration is
calculated from the data and is assumed to be
independent of magnitude and distance.

From these assumptions, the following characteristics
can be derived. If X denotes the random variable
accelaration, then the probability distribution function
is given by:

pX(x)=1/xF%2 exp{-1/2 ((log x - .)/F )2}             ( 13 )

The mean and variance are given by:

µ (X)=e.T  1/2                                                          ( 14 )
var(X)= e2.  T(T -1)                                               ( 15 )

in which T=exp(F2).

The median is given by:

Med(X)= e .                                                                                          ( 16 )

If, according to assumption 2) the median is given
(Med(X)=m) and according to assumption 3), the
coefficient of variation is given ( var(X)/µ (X)=c), then
the following relations can be derived:
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. =log(m)                                                             ( 17 )
 F= %log(c2+1)                                                      ( 18 )

The  "-percentiles of X, given by x" such that 
P(X<x")=" , can be derived to be:

x" =exp(. + u"F)                                                  ( 19 )

in which u"  is the corresponding percentile of the unit
normal distribution.

For a coefficient of variation of c=0.8, it appears that
the quotient between the 95-percentile and the median
value is 3.18. In the case of a smaller coefficient of
variation of 0.5, the quotient decreases to 2.17.

To give an idea about the large variability in the Dahle
attenuation and PGA the median and 5% and 95%
curves are given in Figure 5 for a coefficient of
variation of 0.8:

Figure 5. The median and 5% and 95% curves for the
Dahle attenuation for frequency of 10 Hz and for
magnitude of 6.6 and PGA.

The second set of attenuation equations used in this
study were the Lungu equations for Vrancea events
(Lungu, 1995). The Lungu equations are based on a
database of digitized triaxial strong motion records of
Vrancea events in March 04, 1977, August 30, 1986,
May 30, 1990 and May 31, 1990. The number of
records available in the database are as follows: 1
record for March 04, 1977 event ; 42 records for
August 30 1986 event; 54 records for May 30 1990
event and 40 records for May 31 1990 event. All these
recording stations were located in Romania. The
database was appended with 3 Moldavian and 8
Bulgarian recordings (Lungu, 1995). The Lungu

attenuation equation for peak ground acceleration has
been depicted in Figure 6:

Figure 6. Lungu attenuation for PGA.

The coefficient of variation for Lungu attenuation was
0.4. The Lungu  acceleration attenuation is given in
Equation (20):

a=exp(5.432+1.035M-1.358ln(R)-0.0072(133))/981    
                                                                           ( 20 )



6 MAXIMUM MAGNITUDES

The maximum magnitudes and the magnitude intervals
that are taken into account in the seismic hazard
evaluation of this study are as follows: (1) for the
Vrancea source the maximum magnitude was 8.0 and
the lower limit of the integrated magnitude interval was
6; (2) for the Uzhgorod source the maximum
magnitude was 6.5 and the lower limit was 4; (3) for
the Russian plain background source the maximum
magnitude was 5.2 and the lower limit was 3. These
values were selected on the basis of reference (Bune,
1980). It has to be mentioned that the maximum
magnitudes values were actually observed in the
Uzhgorod and Russian plain sources and for Vrancea
the maximum magnitude was taken to be 8 which is
0.5 magnitude units higher than the actual observed. 

7 SEISMIC HAZARD ANALYSIS

The investigated site is the Khmelnitsky NPP in the
vicinity of the town Netishin in western Ukraine. The
site is depicted with an asterisk in Figure 1.

The methodology used for the hazard
evaluation was the standard procedure described in
reference (Bender, 1987). The input procedure for both
attenuation and recurrence description is tabular
facilitating the use of various formulations for
attenuation and recurrence relationships.

The computations of ground motion assume a
single value of results from earthquakes of each
magnitude and distance. However, in fact, a range of
accelerations results; this variability is modeled by
assuming that accelerations from earthquakes of a
given magnitude and given distance are lognormally
distributed with given standard deviation in logarithm
of acceleration. This assumption of acceleration
distribution is the only variability  allowance for base
variables in SEISRISK III at this time. Only one value
for a given magnitude interval is allowed for the
number of earthquakes per year presenting the
seismicity of a given source. Similarly, the contours of
the source areas are fixed ones they are delineated.
However, inside the given source area the earthquake
location uncertainty is modeled. The seismicity
associated with each point inside a source zone is
regarded as normally distributed about that point. The
possible earthquakes rather than being uniformly
distributed throughout the source region, have mean
locations that are uniformly distributed with scatter
around each mean given by circular normal
distribution. If σ is the standard deviation in location

and the mean location is (x, y), the probability that the
event will occur instead in the small area A
surrounding (x, y), namely, (x+∆x, y+∆y) is given by

pA (∆x, ∆y) = A/(2πσ2) exp(-(∆x2+∆y2)/2/σ2)     ( 21 )

In the input  data deck the unit of σ is kilometers and
for this study the value of σ was taken to be 20
kilometers.  The problem of abrupt changes of
seismicity at the boundaries of source zones can be
alleviated by taking into account the earthquake
location uncertainty. Seismicity is assumed to remain
constant during the time periods being considered; that
is the average rate of earthquakes per unit time for each
magnitude interval does not change with time. This
assumption of stationarity of seismicity as well as the
assumption of fixed values of rates without any
allowance for uncertainty are the features of
SEISRISK III which should be improved on in the
future.

8 RESULTS

The results of the performed work are given in the
form of a hazard curve and uniform hazard spectra for
the prospective site. For the hazard curve of peak
ground acceleration all source areas were represented
in the results. For shorter return periods of thousand
and ten thousand years the Vrancea source is
dominating the seismic hazard at the site and for longer
return periods of one hundred thousand and one
million years the more diffuse Uzhgorod and Russian
plain local seismicity are dominating the hazard. For
the uniform hazard spectra for frequencies below zero
period only the Uzhgorod and Russian plain sources
were accounted for at this stage of the study. So the
uniform hazard spectra for shorter return periods of
one thousand and ten thousand years need to be
improved. The obtained results are depicted in Figures
7, 8.
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Figure 7. The hazard curves for the investigated site; x-
axis pga in g’s; y-axis annual exceedance prob.

Figure 8. The uniform hazard spectra for the site (x-
axis frequency in Hz; y-axis spectrum).

9 CONCLUSIONS

When Baysian statistics in the seismicity assessment of
the Vrancea source is taken into account it appears to
be dominating the hazard of the investigated site up to
the return period of 100 000 years. For longer return
periods the medium distance and local seismicity is
dominating the hazard. Also, taking into account
Bayesian statistics, the hazard slightly increases for all
return periods as can be seen from Figure 7.
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