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Given the consequences of failure, the risk levels are kept small in

the design of nuclear power plants. At low risk levels the statistical un-

certainties associated with the seismicity parameters tend to become the
predominant influence regarding the level of risk. Therefore, the consi-

deration of parameter uncertainties is essential. In this study statis-

tical methodologies are developed for including parameter uncertainties

in the final values of calculated risks. Thus, statistically more reli-

able seismic risk values can be obtained. The sources of uncertainty con-
sidered include the attenuation model, seismicity parameters and the con-

figuration of seismic sources.

The method is based on the following general assumptions: (i) The pro-

bability distribution of earthquake magnitudes is based an a doubly-

truncated linear recurrence relationship, with a lower bound m and an up-

per bound Wj, (ii) the generation of earthquakes is assumed to obey the

Poisson model with a mean rate of occurrence v/ (Hi) peak horizontal
ground acceleration is assumed to be the quantity of interest here. The

attenuation model relates y, the peak acceleration to a function of focal

distance, f(r), and magnitude, m, (iv) the probabilistic generation of

earthquakes is completed by identifying point, line or area sources around

the sive, with each source being assumed as spatially homogeneous.

Th i effects of different types of uncertainties in the attenuation

model are combined to form a single correction factor using the first-order

uncertainty analysis format. Through this random correction factor uncer-
tainty in the attenuation model is introduced directly into the analysis.

Regarding the incorporation of uncertainties in the. seismicity parameters,

these are treated as random variables in the Bayevian sense and the follow-
ing procedures are formulated:



(i) Direct Method — Expressed in mathematical terms, the seismic
risk becomes

Pr(Y > y) = r r r frnr > y\V,&,m.)dV.d8.dm
o o o

where f (v,$,m..) is the joint probability density function and B is the
slope of the earthquake recurrence relationship*

(U) Indirect Method — This avoids the computational difficulties
of the direct method. The influence of uncertainty in the seismicity para-
meters and the source geometry is incorporated by computing- a weighted
mean risk curve averaged over the alternatives. The weights are assigned
subjectively, and the averaging is done by using the theorem of total pro-
bability.

(Hi) Semidirect Method — This is a compromise of the first two
methods and eliminates the dependence of the indirect method on subjec-
tively assigned weights. This is achieved by using the dispersion of the
probability distribution of a seismicity parameter as a basis for assigning
weights.

A case study for a real nuclear power plant site is presented and a
discussion is offered regarding the merits of the proposed methodology.
It is concluded that the upper bound magnitude m. is the most preponderant
factor affecting the ground motion parameter at small risk values. The slo-
pe of the earthquake recurrence relationship and the mean occurrence rate
have smaller influences. The proposed method is simple to implement and
avoids subjectivity in assigning relative weights to the various alterna-
tives.



FOREWORD

This report presents the results of the research carried

out for the International Atomic Energy Agency under Contract

No. 2381/RB during the period June 1, 1979-January 31, 1981.

This study may be considered as the continuation of the pre-

vious research work (Contract No. 2098/RB), the results of

which are presented in the report entitled "Source Modelling

and Uncertainty Analysis in the Evaluation of Seismic Risk for

Nuclear Power Plants". Certain parts of this report are repeated

herein for the sake of completeness.

The numerical work was carried out by using the IBM

370/145 computer system of the Middle East Technical Univer-

sity.

The author thanks Miss Fulya Yesiladali for her excellent

typing of the manuscript.
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Chapter 1

INTRODUCTION

1.1. Introductory Remarks

Seismic risk analysis plays an important role in seismic

design decisions concerning nuclear power plants and it is a

fundamental element in the selection of seismic design values.

Since, the location, time of occurrence, magnitude and other

characteristics of future earthquakes ara uncertain, the prin-

ciples of probabilistic forecasting and decision making are

gaining increasing significance for the evaluation of seismic

risk at the site of a nuclear power plant [35].

In this study only the environmental risk which involves

assessment of maximum intensity of shaking expected during a

given interval of time is taken into consideration. The other

perspective of risk resulting from the random performance of

an engineering structure and the damage induced by its perfor-

mance is not considered. Accordingly, the term seismic risk

used in this study will denote the probability that the maxi-

mum ground motion intensity (e.g. maximum ground acceleration,

velocity or the Modified Mercalli intensity or the Richter

magnitude) experienced at a site will exceed a specified level

within a specified time interval. The seismic risk may also be

expressed in terms of the exceedence probability per year,
*

called the annual risk, or its reciprocal, which is the mean

return period in years. The main output of seismic risk analy-

sis is the probability distribution of a maximum ground motion

intensity parametor for a specific site based on t ". . : available

geological, s-sismological, and statistical information.

The seismic risk at a site does not depend only on the

inherent randomness of the earthquake occurrences with respect

to magnitude, time and space, but also on the uncertainti«?-;

associated with the predicted values of the seismicity and

geometric parameters, as well as the uncertainty in the ,
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attenuation model. Thus, a "full" probabilistic approach,
leading to a realistic estimate of the seismic risk for a
given site, should also account for the uncertainties associa-
ted with the assumed relationships and the input parameters.

Given the socio-economic consequences of failure, the
risk levels are kept small i.n the design of nuclear power
plants. At low risk levels the statistical uncertainties asso-
ciated with the seismicity parameters generally become the
main source of risk [65,66,74]. Therefore, for a realistic
evaluation of seismic risk for a nuclear power plant site, the
consideration of parameter uncertainties is essential. The
main aim of this research is the development of statistical
methodologies for including the parameter uncertainties in
the final value of calculated risks. In this way statistically
more reliable seismic risk values will be obtained for nuclear
power plant sites.

1.2. Review of Related Work

During the last few years increasing interest has been
shown in the application of probabilistic procedures in the
quantitative evaluation of seismic threat at a specific site.
Besides specific applications, probabilistic models for the
forecasting of seismic load parameters in terms of iso-accele-
ration or iso-intensity maps have been developed by many rese-
archers [1,3,38,42,51,52,53,661. The theoretical models used
were consisted of (i) identification of potential earthquake

sources based on geological information and past seismic data,
(ii) a probability distribution law for earthquake magnitudes,
(iii) a stochastic point process model (generally either a
Poisson or a Markov model) for the generation of earthquakes
in time, (iv) an attenuation law for the variation of peak
ground acceleration (or another ground motion parameter) with
distance from source to site.

Most of these studies are based mainly on historical data
which is generally insufficient to obtain a reliable estimate



of the input parameters. The uncertainties associated with the

input parameters and relationships are neglected for the sake

of simplicity. However, at low risk levels the risk resulting

from these uncertainties may become the main contributing fac-

tor to risk.

A number of researchers have examined the uncertainty

sources and drawn attention to the importance of the statis-

tical uncertainty resulting from insufficient information,

especially at low risk levels associated with high intensities

[14,16,18,20,43,45,48,56,65,67,70,73,74,75,81,83].

In the majority of earlier studies, uncertainties were

completely ignored [14,55]. In certain applications, sensiti-

vity studies were carried out by varying different parameters

and the final risk analysis is generally based upon conserva-

tive values of these parameters [9,15,28]. Cornell [11], and

Cornell and Vantnarcke [16] proposed a random error term to

incorporate the uncertainty associated with the attenuation

model. Benjamin [5],Campbell [8],Cornell [12], Eguchi and

Hasse !man [21], Esteva [24,25], Esteva and ViHaverde [26],

Kulkarni, et al. [41], McGuire [48,49], Mortgat and Shah [53],

Oliveria [56], Schumacher [65], Shah and Mortgat [67], Tong

[70], Veneziano [74] and Yucemen [81] indicated that the

Bayesian probabilistic concepts may be used in analyzing the

uncertainties associated with the seismicity parameters. In

this respect, various researchers have used the Bayesian appro-

ach to <- unbine different sources of information in the esti-

mation of v,mean occurrence rate above some threshold magnitude

and ß, the slope of the recurrence relationship. [12,21,24,26,

41,43,45,48,49,56,60,74].

Schumacher [65]»explored the effects of uncertainties en-

countered at various stages of a seismic risk analysis, empha-

sising on the prediction of high intensity earthquakes using

artificially generated data. He concluded that parameter and

model uncertainties have a significant influence on high in-

tensity seismic risk analysis.
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One also expects sane uncertainty resulting from the

seismic risk analysis model. The upper tail of probability

distributions show considerable difference from one distribu-

tion to another, yielding to different estimates of risk. Sin-

ce data at high intensity levels is not sufficient to substan-

tiate statistically the selected distribution, the influence

of model uncertainty also becomes important at small risk

levels associated with high intensities (taking place at the

upper tail of the distribution). In addition, the seismic

source modelling and the resulting computational procedures

may influence the calculated risks. For example, for the sites

studied by Der Kiureghian and Ang [18,19] different discreti-

zations of source geometry (point-source or line-source models)

lead to important differences in high intensity risks.

In the past, incorporation of uncertainties into the risk

analysis was achieved by assigning subjective probabilities

to alternative assumptions on the parameters and models and

then computing a weighted mean risk curve [15,18,27]. Although

this method is very simple to implement it has the shortcoming

of being dependent on the subjective weights selected.

1.3. Objectives and Scope of Study

As observed, the earlier studies have not given enough

importance to the modelling, quantifying, updating and account-

ing for the statistical uncertainties .in the parameters and

models of seismic risk analysis. This study aims at exploring

the effect of various sources of uncertainties encountered at

a seismic risk analysis model. The purpose of this study is

to develop statistical methodologies for modelling, analyzing

and updating of uncertainties involved in the seismic risk

analysis for nuclear power plants. For this purpose, Bayesian

probabilistic approach and first-order uncertainty analysis

format are utilized.

In this study, models for including the important sources

of uncertainties involved in seismic risk calculations are
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proposed in order to obtain a realistic estimate of seismic

risk. A case study is presented in detail to illustrate the

application of the proposed probabilistic methods of seismic

risk evaluation.

In Chapter 2,the basic assumptions and parameters of the

seismic risk analysis model are presented briefly. The uncer-

tainties involved in seismic risk analysis are discussed in

detail in Chapter ?. Three different models for incorporating

these uncertainties into the seismic risk analysis are presen-

ted in Chapter 4.

In Chapter 5»a case study is presented to demonstrate

the applicability and limits of the probabilistic models deve-

loped for the analysis of uncertainties encountered at the

various stages of seismic risk evaluation. In this case study

seismic risk analysis is carried out for Akkuyu. This site is

under consideration to become the location of the first nuc-

lear power plant to be constructed in Turkey. This case study

is based on the available seismic and geological data for this

site. A computer program is developed to carry out the compu-

tations, and the numerical results obtained for the Akkuyu

site are presented.

The summary and principal conclusions of this research

are given in Chapter 6.

In Appendix A,the theory and concepts of the extreme

value distributions are presented. Here also the use of Type

I and Type III asymptotic distributions in the estimation of

the upper bound magnitude is illustrated. Appendix B descri-

bes a method for the assessment of subjective probability

distributions.



Chapter 2

ASSUMPTIONS AND PARAMETERS

OP THE SEISMIC RISK ANALYSIS

MODEL

2.1. Introduction

The major random variables in a seismic risk analysis
model are the magnitude of a future earthquake, its distance
from the site and the time of occurrence. In this chapter,
the basic assumptions concerning the probability distribution
of earthquake magnitudes, the generation process of earthqua-
kes and the spatial randomness of earthquakes are presented
briefly along with the models describing the propagation of
waves from source to site.

2.2. Basic Assumptions of the Seismic
Risk Analysis Model

In this study the following basic assumptions were made
concerning the seismic risk analysis model:

(i) The probability distribution of earthquake magnitu-
des is derived using a doubly-truncated linear recurrence
relationship, with a lower bound, mQ, and an upper bound, m,.
The resulting exponential density function is as follows:

fM(m) = k

where,

k = [1-e

-3(m-m0) m < m <_

elsewhere

(2.1)

,-m _
1 0 I (2.2)

The exponential distribution parameter ß is the slope of the

magnitude-frequency relationship (equals to In 10 times the
Richter b value) and is indicative of the seismic severity

of an area. Other frequency-magnitude relationships, such as
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the quadratic or bilinear forms have been proposed in litera-
ture to improve the linear law of magnitudes [50,66,68,69].
The use of the linear magnitude-frequency law yields a more
conservative risk result compared to that obtained either
from the quadratic or the bilinear form.

(U) The generation of earthquakes in time is described
by either using the Markov or the Poisson models. The Markov
model takes into consideration the dependence of future earth-
quakes on past events,whereas in the Poisson model earthquake
occurrences are assumed to be independent. In this study the
forecasting of future earthquakes is done by using the Poisson
model. The preference of the Poisson model is justified by
its simplicity, its widespread use and because the results
obtained from the Poisson model are generally in agreement
(especially for the occurrence of earthquakes with moderate
and large magnitudes) with the results of the Markov model
[36,55,72]. According to the Poisson model, the probability
distribution of the number of earthquakes of engineering in-
terest (m > m ) is:— o

Pr(N = n|v, t) = (vt)n

n!
(2.3)

where, Pr(N = n|v, t) = probability of having n events in
time period tj v = mean rate of occurrence per unit time.

(iii) Peak ground acceleration ,(horizontal component)
is assumed here to be of interest since peak structural res-
ponse is usually proportional to this parameter and also it
is the most commonly used parameter to describe the seismic
loading at a given site. The attenuation model used relates,
y, the peak ground acceleration at the site to the focal
distance, r, and magnitude, m, as follows:

y = (2.4)

in which, b^, b2 and b3 are empirical constants whose numeri-
cal values are chosen to fit observed data. In general, the
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attenuation relationship is described by a mean prediction

curve resulting from a least squares fit of the points on the

acceleration-focal distance attenuation plot. In practice,

very often the focal depth, r, in Eq.2.4 is replaced by the

modified focal distance, r = r t c, where c is an empirical

constant [19,70,80], The purpose of this modification is to

get a closer fit of observed data to the proposed attenuation

curve for small r values (i.e. near-field events).

2.3. General Formulation of Seismic Risk

and Modelling of Seismic Sources

In probabilistic seismic risk analysis, besides the ran-

dom behavior of earthquakes with respect to time and intensity,

one has to consider the spatial randomness. For this purpose,

it is necessary that the potential earthquake source regions

be identified. In this study, depending on the geometrical

properties three different source models are considered. These

are denoted as point, line and area sources.

Suppose that for a specific site, s number of potential

seismic sources were identified within a certain region sur-

rounding the site. This region is usually a circular area

with the site at the center. The radius of this circular area

is determined in such a way that any earthquake occurring out-

side this circular area will not produce a ground motion in-

tensity at the site exceeding the specified level. For example,

the seismic risk analysis for nuclear power plants requires

the consideration of a circular area of influence with a

radius of 320 km.

Each seismic source is assumed to be spatially homogene-

ous in itself with the same rate of occurrence, the same

focal depth, the same attenuation model everywhere. In view

of the assumptions presented in Sect.2.2, the probability

that the peak horizontal ground acceleration at the site Y

exceeds the specified value y in a year, considering the s

seismic sources is [81]



- 9 -

Pr(Y > y) = l - exp[- Z (2.5)

where, v. = mean number of earthquake occurrences per year
with magnitudes greater than m for the ith source and p =
probability that the random site peak ground acceleration
Y will exceed some specified value y, given a seismic event
occurs in the ith source. Eg.2.5 is the *aost general equation
for the evaluation of seismic risk.

The probability of exceedence per year is referred to as
the annual seismic risk. The reciprocal of the annual risk
gives the return period in years for site ground acceleration
values greater than y. For small values of v.p ,by making
use of the series expansion of an exponential 1 function,
the annual risk approximately becomes

s
Pr(Y > y) = E v. p„ (2.6)

In order to compute the seismic risk for a site, the p
term of Eq.2.5, which depends on the type and geometrical x

configuration of the source, has to be evaluated. In the follow-
ing, expressions to evaluate this term for point, line and
area sources are given. In deriving these expressions the fol-
lowing general assumptions were made:

(i) Within a source the magnitude of an earthquake is
random and has a density function expressed by Eq.2.1.

(ii) The occurrence of seismic events within a source
is random and the locations of future earthquakes have a uni-
form distribution over the line or area sources. In otherwords,
the location of an earthquake is equally likely anywhere in
the source.

(iii) The attenuation law is assumed to have the general
form given by Eq.2.4.

The derivation of the p term for different type of seismic
sources is presented in x Ref.81.
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2.3.1. Point Source

A point source is generally used to model clusters of

earthquakes which cannot be associated with a fault or a seis

motectonic province. If a potential earthquake source is clo-

sely concentrated in space relative to its distance from the

site, it may be assumed to be a point source. Also, because

the point source model is the simplest case very often an

area source is divided into a grid of smaller elements and a

line source is divided into smaller segments, and these ele-

ments or segments are treated as point sources with the seis-

mic activity originating from their geometric centers. The

error in this approximation is small for sources far from the

site. In the point source case there is no randomness in the

focal distance R. The geometry of a point source is shown in

Fig.2.1.

For a given point source of fixed focal distance R = r

from the site, the probability that the site ground accelera-

tion will exceed level y due to an earthquake event is as

follows [81]:

py(point) = 1-k [1-r

where

M b 1 .

Y1 =
bft -*

2.3.2. Line Source

Y0 < Y < Y1 (2.7)

(2.8)

(2.9)

Very often the earthquake epicenters within a region fall

along a major fault system. In this case a line source, with

uniform probability of occurrence along its length, is used to

model the location of potential epicenters (or hypocenters) .

Figure 2.2 shows the geometry of a line source. For the

special case considered in Fig. 2. 2 the entire length, A-, of
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the fault is located on one side of the site. The fault is
located at a perpendicular distance d from the site with a
mean focal depth h. The closest distance from the site to the
fault is denoted by r . The location of focus is random and
it is also assumed that earthquakes are equally likely to
occur at any location on the fault. Thus, the distance R from
focus to site will be a random variable.

The probability that the site ground acceleration will
exceed level y due to a single earthquake with random magni-
tude and occurring randomly at any location on the line source
shown in Fig.2.2 will be computed from the following equation
[81]:

P (line) = 1-k
y

_ _ß
i-'/*

O

1-
Bb3
bT

/r*=
dr (2.10)

where, r» = /£2 + r2 . For more general configurations of line
sources, the expressions for p can be derived from this spe-
cial case by substituting the appropriate bounds of integra-
tion and f„(r) [81].

K

2.3.3. Area Source

In some regions it may not be possible to correlate the
past seismic activity with any of the existing geologic struc-
tures or it may not be possible to identify the geologic
structures due to deep overburdens. In such a region it may
be assumed that earthquakes are equally likely to occur any-
where of the area, and the region will be treated as an area
source. Fig.2.3 shows the geometry of an area source. In this
study the area source considered is in the shape of annular
sectors of inner radius TC^ and outer radius I2 with the site
at the center. The angle formed at the center between the
source boundaries is designated by 0.

Ihe probability that the site ground acceleration will
exceed level y due to a single earthquake with random magni-
tude and location taking place in an area source is as
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follows [81]:

p (area) = (1-k) +

where

= 2 -
Bb,

(r| - rj)
k e

-(Vb2 T\ - r l
* I— -] (2.11)

(2.12)

It should be noted that the term p (area) is independent
of G, the angular coordinates of the source boundaries rela-

rY — -r T
, 2 1

tive to the site. In the above expression« — - [ - ]

is a geometric term associated with the area source,,

2.4. Comments on Source Modelling

The selection of the geometrical configuration of the

potential sources is quite a difficult task and requires the

consideration of many variables. In practice one must be

guided by tectonic maps and seismic history maps of the region.

The final decision on how to model the geometry of the sources

relies largely on personal judgement. Based on the experience

in source modelling the following conclusions can be drawn

[16,38]:

(i) Extreme detail in source modelling does not add to

the accuracy of the final results when macro-analysis is per-

formed .

(ii) Extreme detail in the source modelling may intro-

duce numerical problems.

(iii) When the number of seismic sources used in the

modelling is such that only a few earthquake records are attri-

buted to each source, the resulting recurrence relationships

will be very unreliable.

(iv) If an excessive number of seismic sources is taken
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into consideration, computational problems may be encountered

in the evaluation of the peak ground acceleration.

(v) In seismic risk analysis, the results are seldom

sensitive to the details of modelling seismic sources which

are more than two times the focal depth away from the site.



Chapter 3

ANALYSIS AND MODELLING OF UNCERTAINTIES

3.1. Introduction

The seismic risk analysis model presented in Chapter 2

accounts for the randomness in the earthquake magnitudes and

for the earthquake occurrences in space and time. The seismic

risk evaluated on the basis of this model will depend on the

choice of the various parameters and assumptions made in the

analysis. In this model a deterministic attenuation law is

used and the seismicity parameters, such as v, (J, m, are taken

as deterministic values with the statistical uncertainty in

them neglected. On the other hand, sensitivity studies [38,81]

show that seismic risk is significantly influenced by the form

of the attenuation model, the assumptions on the source geo-

metry and the values of the seismicity parameters. For most

sites earthquake data are scarce and fJie statistical uncer-

tainty arising from the lack of sufficient data may become

the main contributing factor to seismic risk, especially at

low risk levels (i.e. risk levels less than 10~ ), which are

of main concern in the design of nuclear power plants whose

failure during an earthquake would cause major losses or dis-

aster. Therefore, for a realistic estimation of seismic risk,

which is needed for making rational seismic design decisions

concerning nuclear power plants, these uncertainties have to

be explicitly recognized and accounted for by an adequate cri-

terion.

The sources of uncertainty taken into consideration here

include: the uncertainty in the attenuation model, the uncer-

tainties associated with the seismicity parameters (namely v,

ß, m,) and the uncertainty in the geometry of seismic sources.

The attenuation relationships are generally based on data

of nonuniform nature obtained from different regions of the

world. Hence, the uncertainty associated with these equations
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could be analysed independent of the region of interest [18,

19]. On the other hand, the parameters ß, v and m, and the

geometrical configuration of the seismic sources are based

on the geology and historic seismicity of the region. There-

fore, the degree of uncertainty on the estimates of these

parameters and on the configuration of sources will depend

on the quality of the data available for the region, and accor-

dingly they should be analysed separately for each site. In

the following sections, procedures developed for the modelling,

assessing, quantifying and updating of these uncertainties are

presented.

3.2. uncertainty in the Attenuation Model

3.2.1. Background Information

The widely used attenuation model given by L x_2.4 is

adopted in this study. In Section 2,3, this deterministic form

of the attenuation law is used. However, the observed data

shows a significant scatter about the prediction curve descri-

bed by this deterministic attenuation relationship. As a

result the actual peak acceleration Y may be considerably
A a

different from the predicted value Y. Wie source oi scatter

may be attributed to various factors. Three sources of uncer-

tainty are taken into consideration in relation with the atte-

nuation model. These are: the uncertainty in the assumed form

of the attenuation relationship (including the uncertainty in

the attenuation equation parameters b,, b_ and b~), the uncer-

tainty in the recording of magnitude (resulting from instru-

mental errors, adjustments) and the uncertainty in the focal

distance. In order to account for these uncertainties random

corr Jtion factors N1, (i = 1,2,3) are introduced. The mean

value of a correction factor describes the bias involved in

the estimate, whereas its coefficient of variation (c.o.v.) is

used as a measure of uncertainty.
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3.2.2. Modelling of Uncertainty in the Attenuation Model

The main source of uncertainty in the attenuation model

stems from the fo_m of the attenuation equation. The scatter

(or the uncertainty) resulting from the inadequacy of the atte-

nuation equation to describe the variation phenomenon of the

peak parameters from source to site, is taken into consider-

ation by the random correction factor N,. Various researchers

indicated that the probabilistic behavior of In N, can be des-

cribed by a normal distribution with mean equal to zero [20,

25]. For the standard deviation, a, of this distribution,

values varying between 0.40-1.20 are reported. [47,81].

The uncertainty in the (modified) focal distance is mainly

due to the error in the determination of focal depth, and this

adds additional uncertainty to the predicted acceleration.

Data on the focal depth of past seismic events are usually

missing or inaccurate. Also, in seismic risk analysis, instead

of using different focal depths for each seismic source, gene-

rally the same rounded mean value is used for all sources with-

in a seismotectonic province. The uncertainty due to insuffici-

ent data and due to tht use of rounded mean values is taken

into consideration by the correction factor N2.

The uncertainty in the recorded value of magnitude is

related to instrumental errors and to the definition of magni-

tude. Magnitude is an instrumental measure of the size of an

earthquake defined as M = A/AQ, where A is the maximum amplitu-

de measured by a Wood-Anderson seismograph at a focal distance

of 100 km., and A is a reference value [56]. The chance of

having a seismograph at exactly 100 km. away from an earthquake

focus is practically none. Besides, the soil conditions and

the type of seismograph will show variations. Accordingly,

various adjustments have to be performed on the recorded values

to make them consistent with the requirements put forward by

the definition of magnitude. These adjustments will of course

introduce new uncertainties.
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In order to include the uncertainty in the modified

focal distance, r , r will be replaced by N»r in Eq. 2. 4. The

dependence of y on magnitude is described by the term e

This form of the term (e ) comes directly from the definition

of magnitude. To account for the uncertainty due to magnitude,
b m bjn
e is replaced by N,e . With these correction factors, the

corrected acceleration then takes the following form:

-b
Y =

in which,

(N3e )(N2rm)

= r + c = /r* h2 + c

where,r" = epicentral (surface) distance

h = focal depth

c = an empirical constant

Eq.3^1 can be written as

-b,
Ya = Nl N2 m

(3.1)

(3.2)

(3.3)

N1N2 Y = N Y (3.4)

For the correction factor N^, one can assume with reaso-

nable accuracy that, In N, has a normal distribution . The

mean of In N.. is equal to zero and the corresponding standard

deviation is denoted by S^. The correction factors,. N„ and N,

are taken to be random variables with mean equal to 1 and

coefficient of variation 6_ and 63, respectively.

Taking the logarithm of both sides of Eq. 3. 4

In -̂ r = In N = In N1 - b3 In N2 + In

Let In N = X, then

(3.5)

In - ^ = X
Y

(3.6)
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Assuming N,, N_ and N, to be statistically independent
and making use of Eg.3.5, based on the first-order approxima-
tion», the mean and standard deviation of X (i.e. of In N) are:

E(X) = v = O

/VAR(X) = o = * + b| 6* 6|

(3.7)

(3.8)

where 6_ is related to the uncertainty in the magnitude; b_ O2

reflects the influence of uncertainty in the depth of the
future hypocenterj 6, takes into account the possible devia-
tions from the assumed attenuation relationship.

The above coefficients of variation are used as measures
of uncertainty. In the following, the quantitative evaluation
of these uncertainties are discussed, along with their relative
influence to seismic risk.

3.2.3. Quantification of Uncertainties and
Their Relative Influence

In Eq. 3.1 it is seen that the dependence of Y, on raagni-
b2m

 a

tude is in the form of e . The uncertainty due to magnitude
is quantified by 6, and its value is computed as follows: Let
the mean value and coefficient of variation of m be designated
by m and 6m, respectively. Using the first-order approximation,

6, = c.o.v. of e * b- m 62 m (3.9)

The modified focal distance r is expressed as_ m
2 + h* + c. As discussed earlier the uncertainty in

r is mainly due to the uncertainty in h which is described

The computation of the mean and variance by expanding a func-
tion in a Taylor series about the mean values of the variab-
les and keeping only the linear terms in this expansion is
called the first-order approximation.
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by the coefficient of variation 6. . Using the first-order

approximation, the coefficient of variation of r is

o, = c.o.v. of r_ =2 m .
(/r'2+h2 c)

(3.10)

From the available data the mean, h, and coefficient of varia-

tion, 6. , of the focal depth could be computed.

3.2.4. Relative Importance of Different uncertainties

Involved in the Attenuation Relationship

The uncertainties stemming from three different sources

contribute to the total uncertainty in the attenuation rela-

tionship according to Eq. 3. 8. The value of 6., is reported to

vary between 0.40 to 1.20 [81], The larger 6, values result

in cases where data from various sites for different earth-

quakes are combined without any consideration for the site

conditions. If data from one earthquake is analysed taking in-

to consideration the local soil conditions, then it is seen

that 6, reduces to about 0.40 [2O]. Using all the reported

values, an average value of 0.70 seems to be reasonable for 6,.

rm'

In order to make a quantitative estimate of the c.o.v. of

2' values should be assigned to the related parameters.

For example, an examination of the earthquake catalog [2] for

the whole area of Turkey within latitude and longitude limits

equal to 35.5° N to 42.5° N and 25.5° E to 45.0° E, respecti-

vely, for the interval 1913-1970, reveals that the majority

of earthquakes in this area occurs at shallow depths, with a

modal value of 10 km. For the focal depths, Alsan et al.[2]

reported the average error to be ±5 km for h £ 80 km and ±10

km for h > 80 km. Taking h = 10 km with an error of ±5 km

and assuming a uniform distribution*, one computes 6, = 0.29.

- If X is uniformly distributed between x, and x,, then the
mean value and c.o.v. of X are:. X = 0.5Tx, t x,) and

= 0.578
X2 -
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The maximum value of &2 occurs when r
1 is small. Therefore,

a close source with r* = 10 km is considered, and c is assumed

to be 25. With these values the variation in rm is obtained

from Eg.3.10, as

10s

(/1O2 + 102) (/1O2 + 10 25)
0.29 = 0.052

In actual seismic risk analysis varying locations (i.e. varying

r' usually 10-400 km) will be considered and 6_ will be smaller

than the value estimated above.

If an error of ±0.5 magnitude units is assumed in record-

ing m, then taking a uniform distribution in the interval

in ±0.5, one gets

m
= 0.578

2 m m

Therefore , from Eq . 3 . 9

6, = b, m °'289 = 0.289 b

The most common value for b- is 0.8 [81], Hence,

63 = 0.289 x 0.8 = 0.23.

Comparing these representative values for the uncertain-

ties it is seen that, while values of 62 vary from 0.16 to

1.04 (the average being, 0.702 = 0.49)', the value of b? 6?,

will generally be less than 0.02 and 6| is about 0.05. The

combined contribution of b_6_ and 6, to a is less than 15% of

the corresponding average contribution from 6,.

These numbers indicate that the uncertainty in the peak

acceleration resulting from the attenuation relationship is

mainly due to the uncertainty in the form of the attenuation

equation, and the uncertainty in the focal distance and magni

tude have negligibly small additional effects.
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3.2.5. Combining Different Sources of Information

The quantitative evaluation of the attenuation uncertainty,

according to the probabilistic procedure described in the pre-

vious section, requires the assessment of the statistical para-

meters (mean and coefficient of variation) of the correction

factors. Based on the available data from the site, the mean

and coefficient of variation of the correction factors may be

obtained by using the simple statistical estimation techniques.

Sometimes, no data may be available from the site; and in this

case the mean and the variance of the correction factors have

to be estimated purely on the basis of previous experience

and judgment. As additional information becomes available or

as experience accumulates, these original estimates need to

be revised. Below, a procedure, based on the best (in the sense

of minimum variance) linear unbiased estimation method is

developed for combining two !dependent sources of information

for assessing the mean value and the coefficient variation of

a correction factor. In the proposed framework, the updating

of the estimates and the associated uncertainties are not

just limited to observed data. In fact, by using this procedure

any two independent estimates of a correction factor, whether

they are based on direct or indirect observations or judgment,

can be combined systematically and continually as additional

information becomes available.

Suppose two independent sources of information are avai-

lable on one of the correction factors, for instance on N..

Let N! and VAR(N!) be the mean and variance of N. computed
I X X

based on the first source of information, whereas NV and

VAR(N?) will represent the mean and variance of N. obtained

from the second independent source of information. Now, assume

that the combined or updated estimate N.1' ' to be a linear

function of the two independent estimates, i.e.,

N.? " = a Nj + b NV (3.11)
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If N!, N?, N!" are restricted to be unbiased estimates of

the true mean correction factor y., then

= H- = N|" = (3.12)

Taking the expectation of both sides of Eq.3.11 and using the

unbiasedness restriction, one gets

a + b = 1 (3.13)

Imposing minimum variance criterion to obtain the best combi-
ned estimate of p . , requires the minimization of

VAR(N.!") = a2 VAR(Np + b2 VAR(NJ)

subject to the condition given by Eq.3.13. Accordingly,

(3.14)

and

VAR(NpX[VAR(Nj) t

VAR(N.f)/[VAR(N.?) + V A R ( N p ]

are computed as the values of a and b, respectively. Substitu-
tion of these into Eq.3.11, and then taking the expectation

of both sides, gives

E(N!") = N!" =
VAR(Np

N' +
VAR(Np

VAR(N!)+VAR(N?)

Similarly, Eq.3.14 can be written as

VAR(Nf) VAR(NU)

.VAR (Np+VAR (N

VAR(N!") =
VAR(N!)+VAR(N7)

Using the coefficient of variation

VAR(N!)
A!2 -

N'1 (3.15)

(3.16)
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in Egs.3.15 and 3.16 we get

N!" = N! N'.1.
A! 2N !+A? N?
1Ai' 2+ A? 2N"2

(3.17)

VAR(N'") = —
i A l ̂ TTi

A«

NV
(3.18)

AV * A!
/A1

2N1
2

A-N! AV2NV
(3.19)

If new information becomes available, the original esti-

mates for N. can be revised by repeating the above procedure.

3.3. uncertainty in the Seismicity Parameters

3.3.1. Introductory Comments

The seismicity parameters $, v and m. depend on the geo-

logy and historic seismic activity of the region under consi-

deration. The point estimates of these parameters can be ob-

tained by applying the common statistical inference techniques

(for instance, the maximum likelihood method) on the data ava-

ilable from the region surrounding the site. Because of limi-

ted data on regional seismicity, the estimated values of these

parameters will involve statistical uncertainty. Following the

general Bayesian viewpoint, these parameters, which are also

the statistical parameters of the probabilistic distributions

described in Chapter 2, are treated as random variables.

In estimating the value of a seismicity parameter, one

should take into consideration information stemming from sour-

ces of different nature since the available data from the site

will generally be insufficient to obtain a reliable estimate

of these parameters. The assimilation of various pieces of in-

formation to obtain an overall prediction of the desired seis-

micity parameter is achieved through the use of Bayesian
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statistics. All available information combined with engineering

judgment are used to construct a prior probability distribution

for the parameter in question. The statistical information is

then used to update the prior distribution. This updating of

the prior distribution in the light of statistical data is

done formally by the application of the Bayes' theorem. Approp-

riate conjugate family of prior distributions are used to

avoid the computational difficulties. The degree to which these

uncertainties can be reduced depends on the limitations of the

state-of-the-art of geophysical sciences and the effort that

can be put into the assessment and interpretation of geophysi-

cal and statistical information.

In the following, uncertainties associated with the seis-

micity parameters are discussed with an emphasis on the combi-

nation of various sources of information with the statistical

data to obtain best estimates of these parameters and the

accompanying uncertainties.

3.3.2. Bayesian Estimation and Updating of the Regional

Seismicity Parameters

Mean Rate-v

Under the Poisson assumption for the generation of earth-

quakes, the evaluation of seismic risk at a site requires the

assignment of the average annual rate of earthquake occurrences

of magnitude m or greater to each of'the various potential

sources. Even without obtaining data directly on the seismic

history of the region, the seismologists and geophysicists

could give estimates on v based on the tectonics of the region

and the seismic history of geophysically similiar regions.

Using all the available information, a prior probability distri-

bution for the parameter v, which is now considered as a con-

tinuous random variable, can be established.

To ease the computational burden the conjugate distribur-

tion for a Poisson process, which is a gamma distribution, is

used as the prior distribution for v. The use of a conjugate

- 38 -
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distribution allows posterior distributions to be computed

without extensive calculations. Therefore, for any region,

the prior and posterior distributions of v will be of the fol-

lowing form [6]:

n -v? n-1

r(n)
v > O (3.20)

The parameters of a gamma distribution are n and £,. The mean,

variance and coefficient of variation of this distribution

are given below.

E(V) =

VAR(v) = a*v

(3.21)

(3.22)

c.o.v.(v) = 6 = (3.23)

Suppose, the engineer reflects his prior information by

a gamma distribution with parameters n * and £' . The parameters
of the prior distribution will be denoted by a single-prime.

Now, if direct observations of the process, in the form of n
earthquakes (with magnitude _> m ) at the site in the past t
years, become available, Bayes' theorem can be used to update
the prior distribution of v. (Note that the point estimate of
v will be n/t if the maximum likelihood technique is used).

The resulting posterior distribution will be of the same form
given by Eq.3.20, with the parameters [81].

n" = n1 n (3.24)

C" = ?' + t (3.25)

where the double-prime denotes the parameters of the posterior

distribution. The parameters of the posterior distribution are
related to the parameters of the prior and sample information
in a very simple form. To determine the posterior parameters
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of the gamma distribution, n" and £", the engineer just adds

the prior parameters, n1 and 5', to the sample statistics, n

and t, without going to the trouble of directly evaluating the

Bayes1 equation.

It should be noted that the posterior distribution of v

is of the same form as the prior distribution, namely gamma.

This is due to the fact that for conjugate families of distri-

butions, the prior distribution results in a posterior distri-

bution that is also a-memoer of the same conjugate family, so

that successive applications of the Bayes' theorem are not

difficult.

Due to similarity between the prior parameters n1 and £'

and the sample statistics n and t, the prior distribution can

be interpreted as being equivalent in information content to

having observed n' earthquakes in £' years prior to the actual

observation of n earthquakes in t years.

The posterior mean, \J" = n"/?", is taken to be the best

estimate of v. The uncertainty associated with this estimate

is measured by the standard deviation, a", or the coefficient

of variation, 6", which are expressed as

a- =v (3.26)

(3.27)

Slope of the Frequency-Magnitude Relationship-ß

Again, for analytical simplicity a gamma distribution is
taken to describe the engineer's prior information about B.
Let the parameters of this prior distribution be u* and v*

f ' ( B ) =
u1 Bu1

Bv'-l

r (v ' ) (3.28)



- 27 -

The sample information will be in the form of n observa-

tions of the exponentially distributed magnitudes in excess
of m . The sample average of these n observations is denoted
by m. Again, owing to the special form of the prior distribu-
tion selected, the posterior distribution of g is a gamma
distribution with parameters u" and v", as given below [81]

u" = n ( m - m ) + u 1

o
v" = n + v1

(3.29)

(3.30)

The best estimate of 3 and the associated uncertainty are
taken to be, respectively, the mean and standard deviation
(or coefficient of variation) of the posterior distribution
of 0, which are

(3.31)

(3.32)
u

(3.33)

Upper Bound Magnitude-m.

The magnitude of the largest earthquake which can occur
within a seismic source, m, , is another input parameter of the
seismic risk analysis. The upper bound magnitude in an area is
considered to be the maximum credible earthquake under the

present tectonic stress regime with extremely low probability
of occurrence. Zn this case, direct regional information is
available in *.he form of the largest observed earthquake dur-
ing the observation period. However, this information is gene-

rally insufficient on the ground that the instrumentally recor-
ded seismic data is available only for the lart sixty or

seventy years and the largest magnitude observed in such a short
period may underestimate the actual maximum credible event for
that region. Thus, to be on the safe side, generally, the upper
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bound magnitude value assigned to a seismic source is decided .

upon by increasing the largest event observed by some margin

(usually 0.25-1.0 magnitude unit).

For a reliable determination of m, , the regional data

has to be supplemented by other sources of information. For

example, the maximum earthquake potential may be estimated

based on the evaluated tectonic v".story of the region. This

estimate is based on the assumption that observed surface

fault lengths instantaneously rupture during one earthquake.

Accordingly, existing correlations between magnitude and ob-

served surface fault lengths may be used in predicting nu. An

expert (such as a geologist, or a seismologist), based on geo-

tectonic features of the region, information on fault lengths,

studies of regional strain accumulation and historical data

may give a set of estimates for m,. If further he assigns
•I- j_

probabilities to each one of his estimates (i.e. p(m,),
z i •"•

i = 1,2,...,z, such that I p(m,) =1.0) reflecting his
i=l x

degree of belief on them, then this discrete "subjective" pro-

bability distribution can be used to find the mean and stan-

dard deviation (or coefficient of variation) of nu which are

taken, respectively, as the best estimate of itu and the asso-

ciated uncertainty.

An expert may also express his estimate in the form of a

range for m,. Then, depending on his opinion as to whether

the expected value of m1 lies closer to the lower limit, m.,

or to the upper limit, mu, or to the middle of the range, an

appropriate triangular distribution may be prescribed. On the

other hand, if any value of m, is equally likely over the

selected range, a uniform distribution may be more appropriate.

Based on the assumed distribution for m,, the mean and c.o.v.

can be computed from the formulae tabulated in Table 3.1. In

estimating the range, generally the largest observed magnitude

is taken as the lower bound for m^. It should also be kept in

mind that the largest possible magnitude for any region of the

world is less than 8.9 [55].
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Another statistical tool that is becoming popular in

the estimation of m,, in spite of the various criticisms, is

the extreme value distributions. The extreme value theory

provides an asymptotic extrapolation for magnitudes in the

low probability range. Among the three asymptotic distributions

for the largest values, Type III gives the best fit to the

observed data [37,79]. Appendix A provides a background infor-

mation on the theory and concepts of the extreme value distri-

butions and illustrates their use in the estimation of m,.

3.3.3. Assessment of Judgmen .1 Probability

Distributions for the Seismicity

Parameters

In cases where objective data is not available, the es-

timation of the seianictiy parameters should be based solely

on experience and engineering judgment. At many sites, data

for the sei smi city parameters is scarce and sometimes may not

even exist. In this case, the only relevant information about

the unknown value of the seismicity parameters is an expert's

opinion, which may be described mathematically in the form of

a "judgmental probability distribution" .

In practice, an expert may have some knowledge about the

parameter ->r the information that is being looked for, how-

ever, he may not be very familiar with the probabilistic and

statistical techniques. As a result, ;Lt will be difficult for

him to express his opinion quantitatively in probabilistic

terms. Therefore, it is necessary to develop an interviewing

procedure or a questionnaire through which an expert will be

able to express his knowledge of a seismicity parameter in

the form of a judgmental probability distribution. From this

distribution the necessary statistical parameters can be com-

puted.

Considerable amount of material has been written on this

subject, unfortunately, relatively limited research work has

been completed on the actual application of judgmental proba-
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bility distribution assessment techniques. The major contri-
butors in this field are: Howard [31], Pratt et al. [57J,Raiffa
[58] and Winkler [76,77], They applied the assessment techni-

ques mostly to simple cases in order to illustrate the appli-
cation of the methods, with the assessors being mostly students
with some knowledge of probability. Klavan [39] attempted to
assess judgmental probability distributions by sending questi-
onnaires to four engineers. The questionnaires were related
with his study of short and long-term deflections in reinfor-
ced concrete beams. Hynes and Vanmarcke [32] and Beacher [4]
have applied subjective probability assessment techniques to
geotechnical engineering.

Among the various techniques for the assessment of judg-
mental probability distributions, the easisest one to apply
is the cumulative distribution function (CDF) method. In this
method an expert is required to successively subdivide the
range of the uncertain quantity's values into equiprobable
intervals. The CDF method is described in Appendix B.

Note that the discussion given here for the seismicity

parameters, is also valid for the assessment of the probability
distributions of the correction factors described in Section
3.2.2. from subjective information.



Chapter 4

INCORPORATION OF UNCERTAINTIES INTO THE

SEISMIC RISK ANALYSIS MODEL

4.1. Introduction

The seismic risk analysis model presented in Chapter 2

takes into consideration the inherent randomness of the earth-

quake occurrences with respect to magnitude, time and space.

Here the uncertainties associated with the point estimates of

the seismicity parameters and with the models were neglected.

In Chapter 3, statistical techniques for quantifying and up-

dating of these uncertainties were developed, using the first-

order uncertainty analysis format and the Bayesian statistics.

As it was emphasized several times, the uncertainty in the

relationships and the input parameters contribute significantly

to seismic risk, especially at small risk levels. Therefore,

there still remains a need for statistical methodologies to

account for the uncertainties discussed in Chapter 3.

The purpose of this chapter is to present statistical met-

hodologies to incorporate the influence of uncertainties into

seismic risk analysis. The absolute and relative effects of

these uncertainties shall also be studied. It is intended to

keep the models as simple as possible so that they can be

easily implemented in practice. The prpcedures developed for

the incorporation of the uncertainties associated with the

attenuation model and the seianicity parameters are described

in the following sections.

4.2." Incorporation of the Uncertainty in

the Attenuation Model

The effects of different types of uncertainties in the

attenuation model are combined and represented by a single
correction factor, N, using the first-order uncertainty analy-
sis format. Based on Eq.3.6 and based on the theorem of total
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probability, the risk that the site ground acceleration will
exceed a specified level y can be stated as [82]

= /°° Pr (In Y > In y-x|x,v, dx (4.1)

The computation of the exact distribution of X (i.e. In N) re-
quires the knowledge of the joint distribution of N, , N- and
N3 (if independence is assumed then information on the indi-
vidual distributions of N1, N- and N- will be sufficient) ,
which is generally not available. However, since the major
portion of the uncertainty is due to N, (see Section 3.2.4) ,
In N., will be the dominant term in Eq. 3. 5. In N1 has a normal
distribution [20,25], and thus it is reasonable to assume a
normal distribution for X with mean y and standard deviation
o, as given in Eqs.3.7 and 3.8, respectively. Hence,

2< > (4.2)

and

Pr (Y > y)
O.

/" Pr(In Y >In y-xlx = x) (4.3)

On the basis of Eq.4.3, the uncertainty in the attenuati-

on relationship is incorporated into the risk analysis. The

effect of including this uncertainty term in the risk study

is an increase in the calculated risk [81]. The evaluation of

Eq.4.3 for a point, line and area source is given in Ref.81.
For example, for a point source of fixed focal distance R = r

from the site and for a given value of In N (i.e. X = x) , the

probability that the site ground acceleration will exceed

level y, p (point) due to an earthquake event is found to be
[81]:
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X X X
Pv (point) -**(—-) - k[**(—±) - **<—?•)

ßm -b,ß/b2 -ß/b, 2b| x, g x, ß_
+ k e ° r 3 2 (-2C-) 2 e 2 [**(—± -SS.) - ** (—?- - ^)

o b. o b.

(4.4)

where, < ) > * ( . ) is the complementary cumulative distribution func-
tion of the standardized Gaussian distribution given as

x, , „ -d/2)x2

and

.
a

dx

-b
x, = In y - In (b, e r J)

(4.5)

(4.6)

X2 = In y - In Cb1 e " u r J) (4.7)

4.3. Incorporation of the uncertainty

in the Seismicity Parameters

In Chapter 2, the randomness in the earthquake magnitude,

location and occurrence in time has been taken into conside-

ration through probabilistic distributions, and the statistical

uncertainty in the parameters of these distributions were neg-

lected» The uncertainty in the attenuation law is also incorpo-

rated into the risk analysis using Eq.4.4 as described in Sec-

tion 4.2. The resulting expressions are valid for given values

of the seismicity parameters; in other words, the seismic risk

computed in this way equals to the conditional probability of

exceedence for given values of v, 3 and m..

The seismicity parameters are now treated as random vari-

ables in the Bayesian sense, and the associated uncertainties
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are incorporated into the final risk by averaging the condi-

tional seismic risk (which accounts only for the uncertainty

in the attenuation model) over the probability distributions

of these seismicity parameters. In this way the conditionality

on seismic risk with respect to v, ß and m. is eliminated and

the corresponding uncertainties are included in the final

value of calculated risks. For this purpose the following

three different procedures are formulated.

4.3.1. Direct Method

Expressed in mathematical terms» the seismic risk becomes:

Pr(Y >y) = / J
o o

Pr (YQ > y I v,ß ,In1) f (v, ß ,Hi1) dv .dß .dm1

(4.8)

where, f(v,ß,m,) is the joint probability density function of

v, ß and m,. The limits of integration are to be assigned con-

sidering the range of these random variables. Under the assump-

tion of statistical independence, one can simplify the joint

density function as

f(v,ß,m) = fv(v) fß(ß) fm (Hi1)

where f (.) designates the probability density function.

(4.9)

According to this assumption one needs to know only the

marginal density functions, instead of the joint density func-

tion which is generally not available. However, this is not

a very realistic assumption, since the seismicity parameters

are estimated from the same data base and there will be some

degree of correlation among these parameters.

If-the appropriate conditional density functions are ava-

ilable, then the joint density function could be expressed in

terms of them. Depending on which of the conditional density

functions are available there may be various combinations. For

example, if f̂ (v|0,m̂ ) and f2(ß|nu) are known, then
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ffl (4.10)

For a single point source of r km away from the site,

Pr(Y > y|v,3,m,) term in Eq.4.8 is shown to be (see Section

2.3 and Ref.81)

> y I = 1-e (4.11)

where, p is to be computed from Eq.2.7 if only the underlying

physical randomness in magnitude and occurrence of earthquakes

in space- and time is to be considered. If the uncertainty

associated with the attenuation relationship is also to be in-

corporated into the analysis then the p term in Eq.4.11 will

be computed from Eq.4.4. In this latter case the resulting

expressions are too complex to be evaluated.

The relative influence of the uncertainty associated with

the seismicity parameters is examined by considering a single

point source 30 km (focal distance) away from the site and neg-

lecting the attenuation uncertainty. In otherwords, the p

term in Eq.4.11 is to be evaluated from Eq.2.7. For the compu-

tations the following assumptions were made:

(i) The attenuation relationship is assumed to be of the
following form

y = 5000 e~°'8 m (r 40)~2 (4.12)

(ii) The lower bound of earthquake magnitudes, m , is

taken as 4.3. The values (best estimates) of the seismicity

parameters nu, ß and v are assumed to be 6.5, 1.5 and 0.25,

respectively. The acceleration-risk curve obtained based on

these values of the seismicity parameters is shown in Fig.4.1

and labelled as the "basic" case. Note that this curve is

valid for acceleration values ranging between y = 0.032 g to

* Spatial randomness is taken into consideration by idealizing
the region into point, line or area sources as explained
in Section 2.3.
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Y1 = 0.185 g (sec Eqs.2.8 and 2.9) and does not take into con-

sideration the uncertainty in the seisraicity parameters.

(iii) To examine the effect of the uncertainty associa-

ted with the seismicity parameters, each time one seismicity

parameter is assumed to be random and the remaining two are

considered to be deterministic. The distribution of the random

parameter, X, is assumed to be uniform with a probability den-

sity function

fx(x) =
Xu -

= O

x 1 xu

elsewhere

(4.13)

where, x. and x denote the lower and upper boundaries of the

uniform distribution. In the case of m, and v, the best esti-

mates are taken to form the lower bound of the uniform distri-

bution, whereas in the case of S, the upper bound is taken

equal to the best estimate. In this way, the uncertain values

of the seismicity parameters are relaxed in the adverse direc-

tion. Knowing one boundary of a uniform distribution, the ot-

her boundary may be computed from the following equation for

a given value of the coefficient of variation

x - x.
c.o.v.(X) = 0.578 ( u (4.14)

xu

For example, if c.o.v.(v) = 0.05 and v„ = 0.25, then from Eq.

4.14, vu = 0.297.

The seismic risk which takes into consideration only the

uncertainty in the seismicity parameter v (with parameters m1

and ß are assumed to be deterministic) will be evaluated from

the equation given below

Pr(Y>yjß,m1) = / U Pr (Y > y I fv(v) dv (4.15a)

Similarly, the following equations are to be used respectively,

for incorporating the uncertainty associated with $ and m.
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Pr(Y>y|v,m 1 ) = / u Pr(Y > y|v, B^1) dß (4.15b)

ID1

P r ( Y > y | v , ß ) = / u Pr(Y >y |v ,ß ,m , ) f (m.) dm,
Hl1 1 IB1 1 1

(4.15c)

In Egs.4.15a, 4.15b and 4.15c,

Pr(Y >y|V^m1) = l - e y

where p is to be computed from Eq.2.7,

(4.16)

Equation 4.15a is evaluated analytically, whereas the
evaluation of Eqs.4.15b and 4.15c requires numerical integra-
tion and a computer program is coded for this purpose. Seismic
risk values obtained according to these assumptions are presen-
ted in Table 4.1 for c.o.v.'s 0.05 and 0.10. In the last three
columns of this table the increase in seismic risk due to the
uncertainty in m, , ß and v, with respect to the basic case
are given. It is observed that the upper bound magnitude m, is
the most preponderant factor affecting the ground motion para-
meter at small risk values. The slope of the earthquake recurren-
ce relationship and the mean occurrence rate have smaller inf-
luences. For the example considered here, at small risk levels,
the incorporation of uncertainty in m,- magnifies the risk 11
times compared to the basic case even for a small c.o.v. value
of 0.05. On the other hand, for the same risk levels and c.o.v.
the increase in risk due to the uncertainty in ß and v are only
20% and 10%, respectively, relative to the basic case. Note
that the influence of the uncertainty in $ is slighily higher
than that of v. The results are also shown in Figs.4.1 and 4.2
for c.o.v. values of 0.05 and 0.10, respectively. The relative

influence of the parameter uncertainties may also be observed
in these two figures.
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Here, the three seismicity parameters are assumed to be

independent among themselves and accordingly the uncertainty

analysis is carried out by considering each parameter alone.

However, because of the existing correlations, there will be

an interaction among these parameters making the problem more

complex. Another point to be mentioned is the fact that for

real site problems there will be many seismic sources of vary-

ing distances from the site. Consequently, there will be an

averaging and the influence of the uncertainty in m1 may not

be as marked as it is in this example. Also, it should be no-

ted that in incorporating the parameter uncertainties, each

parameter is varied in such a way that the highest increase

in seismic risk is obtained.

Although, the above comments should be kept in mind, the

results presented here clearly indicate that among the three

seismicity parameters, the statistical uncertainty in the es-

timated value of the upper bound magnitude is the dominant one,

and should be taken into consideration, especially when high

reliability (low risk) design levels are sought and the avai-

lable data to base the estimates are limited.

In view of this discussion, Eg.4.8 may be expressed approx-

imately as follows:

OO OO OO

Pr(Y >y) = / / / Pr(Y >y|v,3,In1) f(v,e,m,)dv. dß. dm.

using Eg.4.16,

>y) = /* (1 . e
o

dm.

(4.17)

(4.18)

If it is also desired to incorporate the uncertainty in

the attenuation relationship, then the p term in Eg. 4. 18 will

be computed from Eg. 4. 4. In this case, the integrand of Eg. 4. 18
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becomes complex, and the following approximation is approp-

riate. The density function of m, is discretized at intervals

of length Am,, and the discrete form of the theorem of total

probability is utilized,

n ~VPV
Pr(Y >y) = Z I(l-e y) Im1 = m., ] Pr (mn ̂ m1 )a i=1 i I1

 A 1I
(4.19)

where

m, + Am1
i T 1

Pr(m, = m^ ) = / f (m.) dm,
i m, — Am^ l

(4.20)

4.3.2. Indirect Method

The explicit incorporation of the parameter uncertainties

according to the direct method is actually a conceptual method,

since it seems impossible to implement it due to the complex

nature of the equations involved under the triple integral

(Eg.4.8). Besides, it is not possible to account for the un-

certainty associated with the different geometrical configu-

rations of potential seismic sources. A simpler way to incor-

porate the effect of the uncertainty (or variations) in these

parameters is outlined below:

(i) The best estimates of the seismicity parameters are

obtained using the procedure presented in Section 3.3.2. The

seismic sources in the region are identified carefully using

all available data that may be pertinent to the region supple-

mented with judgment as necessary. The risk curve obtained

using the best estimates of the parameters and source models

will be referred to as the "best" estimate or the "most likely"

estimate.

(ii) Alternative parameter values and source models are

taken into consideration. The degree of uncertainty associated

with the best estimates will be a useful measure in deciding

on how much each parameter is to be varied.
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(iii) To each alternative a subjective weighing factor,

reflecting the relative likelihood that the assumed alternative

will be the correct one, is assigned.

(iv) For each set of alternatives (i.e. one mean rate, one

ß value, one upper bound magnitude for each source, and one

assumption on the geometrical configuration of the sources) a

joint weighing factor is obtained by multiplying the weighing

factors of rhe individual alternatives in the set. It is expec-

ted that the joint weighing factor computed for the set compo-

sed of the best estimates will be the highest.

(v) The risk analysis is repeated for each set of alter-

natives. The risk computed for each set of alternatives is

multiplied by the corresponding (normalized) joint weighing

factors. The sum of these weighted risks yields the final risk,

which will be referred to as the "Bayesian" estimate. Mathema-

tically formulated, the Bayesian estimate of seismic risk for

a single point source is:

Pr(Y >y) = l-Fv(y) = E (1-e
J=I y WD (4.21)

n
since Z w. = 1,

J=I 3

n -vp
Pr(Y >y) = 1 - E (e v A.) w.

a -i=l 3 3
(4.22)

where A. =

w. =

n =

the jtn set of alternatives

the weighing factor for the jtn set of alterna-

tives, reflecting the professional confidence

one has in them

= number of possible sets of alternatives.

In Eq. 4. 22, the underlying physical randomness and the

uncertainty resulting from the attenuation relationship are

directly accounted for by the (1-e v) term, where p is to be
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obtained from Eg.4.4 for a point source. The influence of the

uncertainty induced by the insufficient information on the

seismicity parameters and source geometry is introduced into

the analysis by computing a mean risk curve averaged over the

various alternative assumptions about the parameters and source

geometry. Although this method is very simple to implement, it

has the shortcoming of being dependent on the subjective weights

selected.

4.3.3. Semidirect Method

This method is a compromise between the first two methods

presented above. The same framework described for the indirect

method is used to avoid the computational difficulties of the

direct method. However, this method improves the indirect met-

hod by eliminating the dependence of the latter on subjectively

assigned weights. Here, the dispersion of the probability distri-

bution of a seismicity parameter is used as a basis for assign-

ing the relative weight to the information from which the cor-

responding probability distribution is obtained . As the distri-

bution describing the information becomes more dispersed, the

less dependable (more vaguer) is assumed this particular infor-

mation, and a relatively smaller weight is assigned to it.

There are various measures of dispersion, such as the range,

the interquartile range, the coefficient of variation, the

variance and the standard deviation, the latter two being the

most common measures. If variance is taken as a measure of dis-

persion, the weight, w., of the jtn alternative distribution

becomes

wj= Vo!
n
I

(4.23)

where, a? is the variance of the distribution describing the

ith alternative. Here, the weighing factors are proportional

to the inverse of their variances. The reciprocal of variance

is called the "precision", which may be regarded as a measure
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of certainty.

The preference of variance is based on the idea of the

interpretation of the posterior mean as a weighted average of

the prior and sample means in Bayesian probabilistic approach,

in the case of a normal process. It is a well known result [6]

that if X is the mean of a sample of n independent observations

distributed normally, N(y,a2)-, where o2 is known, and if u has

been assigned a normal prior distribution, N(X1,a'2), then the

posterior expection of p, X", given the sufficient statistics

X, has the following form:

yn (n/02)X., (4.24)
n/a2 + l/a12

where, X1, a'2 = mean and variance of the prior (normal) distri-

bution of p, respectively. This result has the intuitively

appealing interpretation of a weighted average of the prior

mean and sample mean, where the weights are inversely propor-

tional to the prior variance and the sampling variance of X,

respectively. Ericson [22,23] has generalized the weighted

mean interpretation, of which Eg.4.24 is a special case, to a

wide range of distributions, including the cases where a ran-

dom sample has been taken from a normal (unknown mean and

variance), Bernoulli or Poisson processes, and the natural

conjugate prior distributions are assigned to their unknown

parameters. ,

As an example, suppose two independent sources of infor-

mation (considered as alternatives) on the unknown value of

the upp«r bound magnitude of a seismotectonic province are

described by the probability distributions shown in Fig.4.3.

The mean values of these distributions are taken as point es-

timates of m., and the risk analyses are carried out for

m, = 7.5 and m, = 7,83, The final risk will be obtained by

computing a weighted average. According to this procedure, the

weight corresponding to the first alternative will be
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1/0.0835 — = 14.3%, whereas the weight corresponding
1/0.0835+1/0.0139

to the second alternative is 85.7%. The ratio of the weights

being 0.857/0.143 =6.0

This method may be criticized on the grounds that the

results are dependent on the measure of dispersion adopted.

For instance, if the dispersion is measured in terms of stan-

dard deviation, then, in the above example the ratio of the

weights becomes 0.71/0.29 = 2.45.



Chapter 5

A CASE STUDY

5.1. General Remarks

Seismic risk analysis is carried out for the Akkuyu site

to demonstrate the applicability and limits of the models

developed for the analysis of uncertainties. Akkuyu is located

in the south of Turkey at the Mediterranean coast. This site

is under consideration to become the location of the first

nuclear power plant to be constructed in Turkey. It should be

emphasized that the results presented here are mainly based on

historical data, and no detailed geologic or tectonic studies

of this site were carried out. This limits the accuracy and

reliability of the results; thus, they cannot be used in the

selection of design values unless the data used in this analy-

sis is justified through further geologic and tectonic studies

of the regions under consideration.

The main aim of this case study is to illustrate the app-

lication of the seismic risk analysis, to check the sensitivity

of the results to the variations in the input parameters, and

to demonstrate how the uncertainties involved in the analysis

can be incorporated into the final risk values.

5.2. Seismic Data and Source Identification

The seismic data base used in this analysis has been taken

directly from Ref.27 with an observation period of 1903-1972.

All seismic events with magnitude equal to or larger than

m = 4.3 with a circular area of 320 km radius centered at the

site are taken into consideration. The only exception to this

is the Akkuyu province defined in Fig.5.1 for which the lower

magnitude limit is reduced to m = 3.3, If this adjustment had

not been done, there would have been only two events for this

province during the observation period. Taking a lower bound

of 3.3 increased this number to a total of nine.
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The seismotectonic provinces identified for the Akkuyu

site were presented in Ref.27. This seismotectonic map is shown

in Fig.5.1. It is to be noted that in the region under conside-

ration, out of the thirteen seismotectonic provinces only seven

of them are potential sources of seismic threat. These are

labeled as Adana, Kyrenia-Misis, Amanos, Konya, Antalya, Cyprus

and Akkuyu in Fig.5.1. Within the remaining six provinces no

earthquake was recorded during the observation period. Exclud-

ing Cilicia, the other five seismotectonic provinces would

anyway have no effect on the risk results, since they are very

far from the site. The Cilicia province is located to the south

of the site. In Section 5.3, seismic activity is assumed for

this site and its influence is analysed.

The Kyrenia-Misis region which extends as a narrow strip

is idealized as a line source. It is then subdivided into sec-

tions as shown in Fig.5.2 and each subsection is then treated

as a point source with a constant distance to the site measured

from its center. The other seismotectonic provinces are taken

as area sources in the shape of annular or circular segments.

When necessary, a seismotectonic province is divided into sub-

regions so as to conform reasonably well to the true shape of

the province. The resulting area sources are shown in Fig.5.2.

Since, over a seismotectonic province seismicity is assu-

med to be uniformly distributed, the values of the seismicity

parameters for a subregion of a seismo'tectonic province will

be equal to those of the province. The only exception to this

is the mean annual rate of earthquake occurrences. In each

subregion, vi will be proportional to the area of the region,

obtained as follows:

(5.1)

where .\>i = mean annual rate of earthquake occurrences for the

i.th subregion
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v = mean annual rate of earthquake occurrences for
the whole seismotectonic province

A. = area of the i subregion

A = area of the seismotectonic province

In the case of a line source, v. for each subsection will be
proportional to the length of that subsection

V. =
1

SL.
-i
A.

(5.2)

where A. = length of the i*n subsection

A = total length of the line source.

Each areal source is again divided into subsources and
each subsource is treated as a point source [81].

In Table 5.1, the seismicity and geometric parameters for
the seven provinces and their subregions are given. The mean
annual rate of earthquake events for a seismotectonic province
is obtained by dividing the number of earthquakes observed over
that region by 70 years, the duration of record. The v. values
for subregions and subsections are computed from Eqs.5.1 and
5.2, respectively.

The upper bound magnitude values selected for each pro-
vince is obtained by increasing the magnitude of the largest
event observed during the period after 1903 by 0.5 unit. Only
in the case of Amanos the historical earthquake records prior
to 1903 suggest the possibility of m, = 7.5 for this province,
in spite of the fact that the largest earthquake recorded here
during 1903-1972, is 5.8 [27].

The average focal depths given in Table 5.1 are the rounded
mean values derived from the data given in Ref.27. For each
province the value of ß is computed based only on the earthquakes
recorded within that province, and a doubly-truncated log-
linear recurrence relationship is assumed.
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There is no sort of attenuation relationship available
for the region surrounding Akkuyu. Thus, it becomes necessary
to use the attenuation laws derived for other parts of the
world. Among the attenuation relationships of the form given
by Eq.2.4 the one proposed in Ref.66 (after Esteva) is used in
this analysis. This attenuation relationship is as follows:

y = 5000 e
0'8"1 (r + 40)~2

where, r is the hypocentral distance in km.

(5.3)

The adoption of an attenuation equation, which is based
on data obtained fron another site will introduce additional
uncertainty on top of those discussed in Section 3.2. This
uncertainty could be incorporated into the risk analysis by
introducing another correction factor, say N.. However, a simp-
ler way will be to lump this uncertainty to that described by
N1, by increasing 6, by a certain margin [8O]. Thus, the value
of 6, to be used in the risk analysis should be greater than
the values based on data obtained for a specific region, which
is about 0.40 [2O]. For this site, a is assumed to be approxi-
mately equal to 6, (see Section 3.2.3) and its value is taken
to be 0.60. As recalled, a is a measure of the overall uncer-
tainty associated with the attenuation relationship. A computer
program is coded to evaluate Eq.4.4 numerically. Using this
program the risks associated with different peak ground acce-
leration levels at Akkuyu are computed* based on the attenuation
equation given by Eq.5.3 with o = 0.60 and on the parameter
values presented in Table 5.1. The resulting risk-acceleration
curve is shown in Fig.5.3 and this curve will be referred to
as the best estimate risk curve for Akkuyu.

5.3. Sensitivity Analyses and the
Bayesian Estimate

Sensitivity analysis is carried out with respect to the
upper bound magnitude assigned for the Akkuyu province. Also
the effect of the Cilicia region on the risk results is
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investigated by assuming some activity for this province.

(i) Sensitivity to m, of the Akkuyu Province — The up-

per bound magnitudes given in Table 5.1 are believed to be

conservative enough. However, for the Akkuyu province, in

which the site is located, the upper bound magnitude is given

some more attention. The largest magnitude observed in this

province, during the last 75 years was 5.5. If the general

practice of increasing the largest event observed by 0.5-1.0

magnitude unit is applied here, then one should consider the

possibility of an m, value as high as 6.5 for this province.

The consideration of m. = 6.5 is highly conservative since

[27,28]:

a. The seismotectonic map shown in Fig.5.1 does not in-

dicate the presence of a fault capable of producing a larger

event.

b. The magnitude 6.5 is one unit larger than the largest

magnitude observed during the last 75 years.

c. A search of historical events in the province does not

yield an earthquake with a larger magnitude.

Now, based on the above argument, and following the

Bayesian viewpoint, Hi1 may be treated as a random variable

with a range between 5.5 and 6.5. A uniform distribution over

this range yields to an expected value of 6.0 and a variance

of 0.084. If one assumes that the true value of m, lies closer

to the upper limit of this range, then the triangular distri-

bution shown in Fig.5.4 will be more appropriate. In this case

expected value of m. and the corresponding variance are compu-

ted to be 6.2 and 0.056, respectively.

Seismic risk analysis has already been carried out for

Hi1 = 6.0 for the Akkuyu province (best estimate curve shown in

Fig.5.3) . The result of assuming Hi1 = 6.2 is shown in Fig.5.3.

As seen, the difference between the two curves becomes signi-

ficant only for risk levels less than 10~4.
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According to the semidirect method and using variance

as the measure of dispersion, the assumption of a uniform

distribution between 5.5-6.5 which yields to an expected value

of 6.0 will be given a relative weight of (Eg.4.23)

!/0.084 = 0.40. On the other hand, the assumption of
1/0.056+1/0.084

a triangular distribution over the same range gives an expec-

ted value of 6.2 and receives a relative weight of 0.60.

(ii) Sensitivity to Assumptions on the Cilicia Province

During the 70 years of observation period no seismic activity

has been observed over the Cilicia province. As a result, this

province was not considered in the risk analyses described pre-

viously. However, since this province is very close to the

site it needs further attention.

The Cilicia province is idealized as an annular areal

source with r..= 35 km and r. = 66 km (see Fig.5.2) . Since no

earthquake was recorded over this province, the seismicity

parameters are obtained mainly by making use of those given

for Akkuyu. The focal depth is assumed to be 30 km-the average

of the focal depths found for Akkuyu and Kyrenia-Misis. The

values of m , m, and ß are taken to be the same as Akkuyu,

namely, m = 3.3, m. = 6.0 and ß = 1.017.

Over the Akkuyu province nine earthquakes (m _> 3.3) were

observed during the 70 years. If the same activity rate per

unit area is assumed for Cilicia then six earthquakes were ex-

pected to occur during these 70 years, since the area of the

Cilicia province is about 2/3 of Akkuyu. Therefore, the mean

value of v for Cilicia becomes TO" = 0.0857.

Now, assuming the prior distribution of v to be a gamma

distribution with mean 0.0857 and coefficient of variation 0.41,

one computes the parameters n1 = 6 and C1 = 70. This prior

distribution could be interpreted as being equivalent in infor-

mation content to having observed 6 earthquakes in 70 years.
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On the other hand, the sample information obtained directly

from the Cilicia region is in the form of no events during the

interval 1903-1972, i.e. n = O, t = 70. Combining the prior

and sample information yields to a gamma distribution with para-

meters given by Eqs.3.24, and 3.25 as

n " = n '

t = 70 + 70 = 140

The posterior mean of v" = 6/140 = 0.043 is taken as the

activity rate for the Cilicia region. The incorporation of the

Cilicia region with these parameter values into the analysis

gives the risk curve shown in Fig. 5. 3. This curve gives slightly

higher risk values compared to the best estimate curve in which

the Cilicia province was omitted.

In view of the results of the sensitivity analyses, the

following alternatives form the basis for the Bayesian estimate:

(i) For the Akkuyu province, the upper bound magnitude

values of 6.0 (assuming a uniform distribution between 5.5-6.5)

and 6.2 (assuming a triangular distribution between 5.5-6.5

with mode at 6.5) receive relative weights of 0.40 and 0.60,

respectively as computed according to the semi direct method.

(ii) For the alternative of excluding Cilicia province

from the analysis, a subjective probability of 0.75 is assumed.

On the other hand, the risk result obtained with the Cilicia

province taken into consideration is given a subjective proba-

bility of 0.25.

The resulting four alternative sets and the joint weighing

factors are shown in Fig. 5. 5. The Bayesian estimate of risk

is computed from Eg. 4. 22 and is shown in Fig. 5. 3. As may be

seen, the Bayesian estimate gives risk values which are slightly

higher than those computed from the best estimate curve. This

is due to the fact that in computing the Bayesian estimate, the

alternative set consisted of the best estimates receives a .
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relative weight of 30%, and the remaining 70% goes to the

other three alternative sets for which more conservative assump-

tions (such as m.. = 6.2 for Akkuyu province and the considera-

tion of the Cilicia province) were made.

5.4. Selection of Design Acceleration Levels

A survey of available documents on the selection of the

peak ground acceleration to be used for the safe shutdown earth-

quake (SSE) or the operation basis earthquake (OBE) indicates

that there are no fixed and universally accepted criteria. A

rule which appears to have gained acceptance is to base the

SSE on a 5000 or 10000 year return period, and to derive the

OBE from this. Generally, the peak ground acceleration level

for OBE is taken half of that assumed for SSE. The peak ground

acceleration corresponding to a return period of 5000 years

based on the best estimate curve in Fig.5.3 is 0.28g, whereas

the Bayesian estimate gives 0.29g. A return period of 5000

years is equivalent to a probability of non-exceedence of 0.992

for a plant with an economic exposure life of 40 years. If 0.28g

is taken as the acceleration level for the SSE then for OBE

°'28g = 0.14g may be used.
2

In a recent study, Christian et al. [9], in evaluating the

OBE for the Koshkonong nuclear plant to be built in Wisconsin

suggested to base OBE on a return period equal to ten times

the plant life. The plant life is usually taken as 40 years.

The peak ground acceleration corresponding to a return period

of 400 years is found to be 0.13g from Fig.5.3. Accordingly,

it may be concluded that for a nuclear power plant to be built

in Akkuyu SSE acceleration level is less than 0.3Og and the OBE

acceleration level is about 0.14g.

It should be emphasized again that these acceleration

levels cannot be taken directly as design values, until further

investigations as detailed as required by the U.S. Atomic

Energy Commission [71] and/or the International Atomic Energy
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Agency [33,34] yield to exactly the same input data as those
used in this analysis. Otherwise, the design values sugges-
ted above may change considerably, since, even a slight varia-
tion in the value of certain input parameters may cause signi-
ficant changes in the calculated risks.



Chapter 6

CONCLUSIONS

A seismic risk analysis model which accounts only for

the randomness in the earthquake magnitudes and the randomness

in the earthquake occurrences in time and space may be refer-

red to as "semi-probabilistic". This is due to the fact that,

in this model a deterministic attenuation law is used and the

uncertainties in the seismicity and geometric parameters are

not taken into consideration. The results of a seismic risk

analysis are significantly influenced fay the form of the

attenuation model, the assumptions on the configuration of

seismic sources and the values of the seismicity, parameters.

It is found out that the upper bound magnitude is the most

preponderant factor affecting the ground motion parameters at

small risk levels. The slope of the earthquake recurrence

relationship and the mean occurrence rate have smaller influ-

ences. A "full probabilistic" approach, leading to a realistic

estimate of seismic risk for a nuclear power plant site should

also account for the uncertainties associated with the assumed

relationships and the input parameters.

The uncertainty due to the attenuation relationship is

incorporated into the analysis through the use of random

correction factors. The largest uncertainty is due to the

equation error resulting from the scatter of individual acce-

leration data points about the mean prediction curve. Regard-

ing the incorporation of uncertainties in the seismicity para-

meters and source geometry, a mean risk curve, averaged over

the various alternative assumptions is computed by using the

discrete form of the theorem of total probability. The proposed

method is simple to implement and avoids subjectivity in

assigning relative weights to the various alternatives.

For the Akkuyu site, using the proposed models and based

on the available data, the peak acceleration levels for the

SSE and OBE are estimated to be 0.28g and 0.14g, respectively.
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It should be emphasized that the acceleration levels given

here for the Akkuyu site cannot be taken directly as design

values, unless the input data used in this study are suppor-

ted by more detailed investigations.
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Table 4.1 Comparison of the Influence of tne
uncertainty in m, , ß and v on

Seismic Risk

C. O. V

0.5

Peak
Ground
Accele-
ration
y (g)
0.050

0.075

j 0.100

0.10

Pr(Y > y)

Basic
Case
(D

0.09669

0.4156

0.02055

0.125 I 0.01033

0.150

0.160

0.00460

0.00299

0.170 0.00164

0.180 \ 0.00050

0.050

0.075

0.09669

0.04156

0.100 0.02055

0.125 0.01033

0.150

0.160

0.170

0.180

0.00460

0.00299

0.00164

0.00050

m, is
Random
(2)

0.09941

0.04559

0.02510

0.01514

0.00955

0.00798

0.00667

0.00556

0.10045

0.04714

0.02684

0.01699

0.01145

0.00990

0.00860

0.00750

3 is
Random
(3)

0.10223

0.04618

0.02359

0.01214

0.00550

0.00359

0.00198

0.00061

0.10712

0.05050

0.02655

0.01396

0.00642

0.00422

0.00234

0.00072

V IS

Random
(4)

0.10533

0.04540

0.02247

0.01131

0.00503

0.00327

0.00180

0.00055

0.11563

0.05002

0.02479

0.01248

0.00556

0.00361

0.00198

0.00060

Risk Ratios

2/1

1.028

1.097

1.222

1.465

2.077

2.671

4.063

11.069

1.039

1.134

1.307

1.644

2.490

3.312

5.239

14.937

3/1

1.057

1.111

1.148

1.175

1.196

1.202

1.209

1.214

1.108

1.215

1.292

1.351

1.396

1.412

1.426

1.439

4/1

1.089

1.092

1.094

1.094

1.095

1.095

1.095

1.095

1.196

1.204

1.206

1.208

1.209

1.209

1.209

1.209
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Ground
Surface

*\£picentral Distancfi
\

h - Focal Depth

Fig.2.1 The Geometry of a Point Source
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a) Perspective

•+ Site

. Fault

b) Top View

Fig.2.2 The Geometry of a Line Source
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b) Top View

Fig. 2.3 The Geometry of an Area Source
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Fig.4.1 Influence of the Uncertainty in m , , •& and v
on Seismic Risk for c.o.v. = 0.05
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Maximum Ground Acceleration, g
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Fig.4.2 Influence of the Uncertainty in m~ , ß and v on
Seismic Risk for c.o.v. = 0.10 (See Fig.4.1 for
identification of curves)
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Fig.5.l Map of Seismotectonic Provinces for
Akkuyu (from Ref.27)
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Fig.5.2 Location and Geometry of Seismic

Sources for Akkuyu



- 73 -

10 " 1Q -Liaaa-UJ-m-ia.iJ-1-u

CiIicia Province
Included

=Bayesian
111 of Risk

Best Estimate
of Risk

10 -4

.10 .60.20 .30 .40 .50

Maximum Ground Acceleration, g

Fig.5.3 Influence of Various Assumptions on Peak Ground

Acceleration - Risk Estimates for Akkuyu
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Fig.5.4 Computation of the Relative Weights
Corresponding to Two Different

Assumptions on m.
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Appendix A

ESTIMATION OF MAXIMUM EARTHQUAKE

MAGNITUDE USING EXTREME VALUE

DISTRIBUTIONS

In forecasting the largest earthquake magnitude of the

next N years by using the data of the past n years in a given

region, the following assumptions are made in order to utilize

the theory of extreme values [79]:

(i) the conditions prevailing in the past must be valid

in the future,

(ii)
other.

the observed largest values are independent of each

The asymptotic theory differs from the exact theory in
the fact that it Is still valid if a few neighbouring observa-
tions are dependent, which is quite favourable in the case of
earthquakes. Another advantage is that the asymptotic theory

requires no knowledge of the intial distribution. In the
present study, the equal time interval is taken as one year.

The theoretical bases of the subject are discussed exten-
sively in the work of Gumbel [29]. In the application to the
occurrence of maximum magnitude earthquakes,generally only
the first and third asymptotic distributions are considered.

The first asymptotic distribution of the largest value
was applied to calculation of probability of extreme earthquake
magnitude in various earthquake regions by Knopoff and Kagan
[40], Lomnitz [43] and Nordquist [54]. Yegulalp and Kuo [79]

introduced a probabilistic model based on the third asymptotic
distribution and applied it to the oc -urrence of maximum mag-

nitude earthquakes in the world regions defined by Gutenberg
and Richter. Maximum earthquake magnitudes for an area in
Europe were predicted by using Gumbel's Type III asymptotic
distribution [7]. The first and third asymptotic distributions
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were applied for the European area, especially for the Balkan

region by Schenkova and Karnik [62,631.

Let K be a random variable with known distribution func-

tion Fv(x) . The distribution function of the maximum value of
A

a random sample, X,,X_,...,X , taken from the same distribution

Fv(x) will be
A

())n(x) = Pr [max (X1, X2 , . . . , Xn) ^ x ]

= Pr(X1 < x) Pr(X- < x) ...Pr(X„ < x)x ~-~ A ^ n •""•

= [Fx(X)]
n (A.I)

The corresponding density function, therefore, is

= H[Fx(X)]11'1 fx(x) (A.2)

Egs.A.l and A.2 are the exact probability distribution and
density functions, respectively of the largest values from

samples of size n taken from the population X. Clearly, these

distributions depend on the initial distribution Fv(x) of the
A

population and the sample size n. Zf the initial distribution
function F (x) is known, then the exact distribution of the

A
largest values can be obtained from Eq.A.I. However, generally,
the initial distribution function is not known. In such a case,
it becomes necessary to consider the limiting forms of the

above distribution and density functions as n increases. This
problem is treated in the asymptotic theory of extreme values,
which we shall take up in the following.

Gumbel [29] has indicated that there are three major

mathematically distinct asymptotic distributions of extremes.
The first asymptotic distribution of the largest vaules is
defined by:

rn (x) = exp[-exp(-o (x-u ))]n n (A.3)
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in which u is the characteristic

extremal intensity function (otn > O)

largest value and Ct is the

dispersion and <J> (1)
I/o is a measure of

n (u ) = 1/e. This distribution is known asn
the "First Asymptote"; it is also widely known as the "Gumbel

Distribution-Type I".

The disadvantage of the first distribution is tf.at it
is not limited and does not take into account the existing

physical limits, particularly on the side of the largest events.

The second asymptotic distribution of the largest values
is defined by

'̂ (x) = exp[-(-
u - e k

] (A.4)
X - E

where, k > 0 , x ^ c , u > e O. e is the lower limit of
largest values, k is the shape parameter, u is the charac-

/2) n (2)teristic largest value, and < j > v ' (u ) = 1/e and <J> (e) = 0 .n n n
The second asymptotic distribution is also referred to as the

"Frechet Distribution".

If the initial distributions are of the limited type,

the corresponding asymptotic extremal distribution is the

third asymptote; that is, if X is a random variable whose lar-

gest value is limited (x <_ w) , the asymptotic distribution of

its largest value is given by

k
t.n

3)(x) = expl-t-"-^ n] (A.5)
w - un

where k > O, x <_ w, u < w. Here, w is the upper limit of
largest values, k is the shape parameter, u is the charac-
teristic largest value, and <J>n

3) (UR) = 1/e and <|>n
3> (w) = 1.

We observe that a parameter common to all of the three

asymptotic distributions is the characteristic extreme, which

has the common property.

(Un) - > ( 2 ) ( u n ) = 4 > ( 3 ) ( u n ) = 1/e * 0.368
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Furthermore, in the case of the first asymptote, the charac-

teristic extreme u is the corresponding modal extreme.

In the first asymptotic distribution, the variate is un-

limited in both directions. In the second asymptotic distri-

bution, a lower limit for the variable X exists. There exists
an upper limit in the third asymptotic distribution of the

largest values. For the occurrence of maximum magnitude earth-

quakes, the third asymptotic distribution has a better physi-

cal meaning for a probabilistic model than either the first

or the second distribution [79], Furthermore, past observa-

tions .indicate that the occurrence of maximum magnitude earth-

quakes must have an upper bound. The second asymptotic distri-

bution is therefore ruled out. In the following, only the first
and third asymptotic distributions are taken into consideration.

Estimation of Parameters

First Asymptotic Distribution — Methods for estimating

the parameters of the first asymptotic distribution are avai-

lable in the literature (e.g. Gumbel [29]). Here, the simplest

procedure is explained below.

The first asymptotic distribution for largest values may
be written as

(1) (x) = exp[-e (A.6)

where

y = an(x-un) (A.7)

is called the reduced variate. In order to estimate the para-

, one takes the largest yearly earthquake mag-meters an and

nitudes x , , x 2 » . . . » x in a sample of n consecutive years. These
magnitudes are arranged in order of increasing size, so that

— x(2) —
Then one estimates the values of

Fx(X) by
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(A.8)

Finally, the values of a and u are estimated fron a least
squares fit to Eq.A.6, which may be written as follows:

x = — [-In (-In i).1 (X))] + u

Letting
n

n (A.9)

y = -ln[-ln (x) ] (A.10)

Eq.A.9 becomes

x =

n
u

From the method of least squares one obtains the following
expressions to estimate the parameters a and u

(A.11)

* _ 1 _un = x - - Y
a

(A.12)

where, a and u are least square estimators of a and u .
respectively, s and s are the standard deviations of X and
Y, whereas X and y denote the mean values of X and Y, respec-
tively. Note that s and Y depend only on n. The values of s

and y are tabulated by Gumbel [29] for n ̂  8.

Special extremal probability paper is developed by Gumbel
[29]. On this paper, the values of y and the corresponding
cumulative probabilities exp[-e~v], are given on two parallel
scales along one axis, and the value of x is given in arithme-
tic scale on the other axis. If i. yearly largest values are

plotted on this probability paper, such that the jth value (in
increasing order) is plotted at the position j/n+1, the results
should lie approximately along the straight line
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= u +n (A.13)

n

The mean and median of the n (yearly) largest earthquake

magnitudes, according to the Type I extreme distribution are

to be computed, respectively, from the following relations:

0.577 (A.14)

xn = un
0.36651

an

(A.15)

In time units, the return period is the mean recurrence
time and it gives an average information concerning the frequ-

ency of observing an extreme value. The return period, T(X )

in this case is

T(X ) =
<xn)

(A.16)

For example, the mean return period of an earthquake of magni-

tude x is exactly one year.

Third Asymptotic Distribution — The parameters, w, u

and kn of the third asymptotic distribution can be calculated

by using the classical method of moments or by the largest ob-

served magnitude or by the method of least squares [79], The

estimation of the parameters by the first two methods require

that all values of x. be available. The general principle of

least squares seems to be most convenient and provides a rea-

sonable value of w. Conventional linear least squares proce-

dures cannot be directly applied to estimate Eq.A.5, because

it is non-linear in the parameters w, u and k. The problem can

be formulated as followsi

Minimize
r

= l
i = l "V2 (A.17)

for w > 0 , 0 < u < w , k > 0 ,
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where, x^,x2,...,x are the observed maximum magnitudes in a

given region with the corresponding plotting positions denoted

by P1,?-,...,p- x. is the predicted value of x. from the

least squares relation and is ,to be computed from the following

expression:

= w - (A.18)

Here, z. = - In p. and \ = 1/k. The necessary and sufficient

conditions to minimize n are [79];

and

3w

3w 3u

3l STI -
"3Ü = 3l =

' 2 ' ~ '3w2 3u 3 A
32n 32Ti 3 2 n
3A 2 ' 3u2 ' 3A 3w

> O

(A. 19)

(A.20)

for

or

w > 0 , 0 < u < w , k > 0

rw - E X1 - (w-u) E z* = O

-(w-u) E Z1

(w-u) E Z1* In Z1 t E

-I Z1'
1 + E z* > O

r-2 E z* + E z?X > O

+ w

E

-E

In Z

* In

- I

> O

2Xz(w-u) E z2
±

X In2Z1

= O

In Z - w E

In Z > O

In Z1 = O

(A. 21)

- w E z In2Z.. > O
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A computer program is coded to obtain the estimators of

w, u and X satisfying these conditions.

The expected value and the mode of the largest magnitude

of the next N years, according to the assumption of third type
asymptotic distribution are [78]:

XN = E(XN) = W-(W-U)Fd + l/k) (1/N)

X S w - (w-u) [(1-1/k)/N]1/k

1/k (A.22)

(A.23)

Example

To demonstrate the use of the extreme value distributions
in forecasting the largest magnitude, earthquake data for the

North Anatolian fault is considered. The published catalogue

of earthquakes associated with the North Anatolian fault are
used. The largest event in every year for the period 1923-1972

is selected. This yielded to 44 yearly maxima, since for the

years 1931, 1935, 1937, 1963, 1971 and 1972 either no earth-

quake has occurred or the earthquakes with very small magni-

tude did occur but were neither listed nor observed. This is

equivalent to assuming that the first m of the n ordered obser-
vations are not available. In such a case, only x , ,, , ...,x. .

are plotted on the Gumbel probability paper with the plotting

position* p. of the jtn observation, for j > m, given as

PJ = n+1
j = m t l,...,n (A. 24)

The 44 yearly maxima are ordered in increasing order of magni-
tude and listed in Table A.I along with the corresponding p.

values. If the a th to ( a t k ) t h observations are the same
then these are represented by the same mean rank of /a(a + k).

* EquationA.24is Gumbel's [29] plotting rule. For alternative
plotting rules the reader is referred to Ref.40.
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The main reason behind this is the fact that the return period

scale is approximately logarithmic.

The parameters of the first and third asymptotic distribu-

tions are estimated by the method of least squares. For the

first asymptotic distribution, using the data of Table A.I,

a and u are computed to be 1.042 and 4.52, respectively. In

the case of the third asymptotic distribution, the least squa-

res estimators of w, u and X, satisfying the conditions listed

by Eq.A.21, are obtained using the computer program prepared

for this purpose. The values are: w = 7.55, u = 4.58 and

X = 0.489.

Parameters obtained from the 1923-1972 data are used to

forecast the expected values of the largest earthquake magni-

tudes associated with the North Anatolian fault for the next

N = 5, 10, 20, 30, 50, 100 and 1000 years. The results are

presented in Table A.2. As observed, the first asymptotic distri-

bution grossly overestimates the largest earthquake magnitude

as N becomes large. In the case of the third asymptotic distri-

bution, the presence of an upper bound, w, causes the expected

value of the largest earthquake magnitude to approach asympto-

tically to w = 7.55, as N becomes very large.
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Table A.I Ordered Annual Maximum Earthquake Magnitudes for

the North Anatolian Fault (1923-1972)

Year

1931
1935
1937
1963
1971
1972
1964
1965
1961
1952
1923
1959
1969
1968
1934
1927
1924
1933
1955
1958
1925
1932
1962
1948
1956
1950
1940
1938
1954
1946
1928
1949
1947
1970
1936
1966
1930
1945
1926
1960
1941
1929
1953
1951
1942
1957
1967
1943
1944
1939

Magnitude (M) Rank( j )

v

-
3.9
3.9
3.9
3.9
4.1
4.2
4.4
4.5
4.5
4.5
4.5
4.6
4.6
4.6
4.6
4.7
4.7
4.7
4.9
4.9
4.9
4.9
5.0
5.0
5.1
5.1
5.1
5.2
5.2
5.2
5.6
5.6
5.7
5.9
5.9
6.1
6.4
6.9
7.0
7.1
7.2
7.2
7.2
7.9

8.37
n

n

n

11

12
13

15.43
n

n

n

19.44
n

n
n

22.98
Il

Il

26.46
If

Il

Il

29.50
n

31.98
n

n

34.99
Il

t|

37.5
n

39
40.5

n

42
43
44
45
46

47.99
ff
"

50

Plotting Position Z
(Pj) D

0.164
Il

Il

Il

0.216
0.235
0.255
0.302

n

Ii

It

0.381
Il

ff

"

0.451
ii
n

0.519
H

Il

Il

0.578
Il

0.627
Il

tl

0.686
•i
«i

0.735
Il

0.765
0.794

n

0.824
0.843
0.863
0.882
0.902
0.941

Il

Il

0.98

1.808
tt

t|

Il

1.534
1.447
1.367
1.196
1.196
1.196
1.196
0.964
0.964
0.964
0.964
0.797
0.797
0.797
0.656
0.656
0.656
0.656
0.548
0.548
0.467
0.467
0.467
0.377
0.377
0.377
0.308
0.308
0.268
0.231
0.231
0.194
0.171
0.148
0.125
0.103
0.061
0.061
0.061
0.020
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Table A.2 Expected Value of Largest Earthquake

Magnitude as Computed from Type I and

Type III Extreme Value Distributions

N

(Years)

C

10

20

Expected Value of Largest Earthquake Magnitude

Type I

5.96

6.68

7.37

30 i 7.78

50

• 100

1000

8.26

8.93

11.14

Type III

6.35

6.70

6.94

7.05

7.16

7.27

7.46



Appendix B

CUMULATIVE DISTRIBUTION FUNCTION METHOD

The cumulative distribution function method of eliciting

subjective probabilities has been adopted from a paper by
Winkler [76]. In this procedure one directly questions the
subject, so that the range of the unknown seismicity parameter

is successively subdivided into equiprobable intervals as des-

cribed below.

Let X be the uncertain seismicity parameter whose value

is to be estimated and X be its true value. The subject's
k-th judgmental fractile of X. is the number Xk such that the

believes P r (X <_ X. ) = k where O <_ k <_ 1.0. The numbers X 5 »X 2 5 /

X ,,, are referred to as the judgmental median, lower quartile
and the upper quartile, respectively. To get X ^n the expert

• O\J

is asked to give a value of X so that he thinks it is equally

likely that X. falls below or above that value. Thus, X ̂ 0

divides the range of X into two judgmentally equally likely

intervals. Similarly, the lower quartile, X _-, and the upper
• &3

quartile, X 75» divide the intervals (O to X 5Q) and (X 5Q to

+°°) into two equally likely intervals, respectively. If the

expert is consistent in his values, then he should accept

that each of the four intervals (O to X ,5), (X _5 to X 50>,

(X _Q to X 75) and (X 75 to +«>) are eqvally likely to contain

the true value, X . Consistency also requires the expert to

agree that it is equally likely that the true value of X could

be in the interquartile interval (i.e. X 2c
 to X 75) as it

may be outside of this interval. If there is an inconsistency,

the expert is asked to revise his values so that the inconsis-

tency will be removed.

Besides obtaining the judgmental median and the upper and

lower quartiles, the subject should be questioned to assess

fractiles at the low and high ends of the distribution. Depend-

ing on the accuracy required and on the range of X, the subject

may be asked to subdivide the intervals further until there are
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enough fractiles, or the subdivisions become too fine for

further subdivisions.

After enough data points (X., k) are obtained, the cumu-

lative judgmental probability distribution for the uncertain

seismicity parameter X could be determined by passing a smooth

curve through these points. For any value of X on the horizon-

tal axis, this curve gives the subject's judgmental probability

that the true value, Xfc, is less than or equal to X. From the

cumulative judgmental probability distribution curve a histog-

ram may be derived, which will be used to compute the mean X

and the variance CT* of the seismicity parameter X.

L_


