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Probabilistic and statist:ci! methods ^re uT,e 1 to level op a :,"<v,.e-

dure by which the seisnic risk at a specific s i t e can De systematically

enalvzed. The proposed probabilistic procedure provides a consistent

method for the modelling, analysis and updatino of uncertainties that

are involved in the seismic risk analysis for nuclear power plants.

Methods are proposrH tor I ncl '.:'J inn tries? unct-rr=?' -;•*• ios in the final

value of ca lv,ij L-) ff) risks.

The potential earthquake activity zones are idealized as point,

line or area sources. For these seismic source types, expressions to

evaluate their contribution to seismic risk are derived, considering a l l

the possible site-source configurations.

The seismic risk at a site is found to depend not only on the in-

herent randomness of the earthquake occurrences with respect to magni-

tude, time and space, but also on the uncertainties associated with the

predicted values of the seismic and geometric parameters, as well as the

uncertainty in the attenuation mode!. Thus, q f u l l prohabiI ; r;tic approach,

leaflirv Io ci refilisl'ic er. t irrste of the seismic r i sk for /i 'jiveri sile,



-should also account for the jncer t a i n t ies associate-; ,with the assumed

relationships and the input p'ird'neters .

The uncertainty due to the attenuation equation is incorporated

into the analysis tm ough the ,;se of random correction factors. The

influence of the uncertainty resulting1 from the insufficient information

on the seismic parameters and source geometry is introduced into the

analysis by computing a mean risk < urve averaged over the various

alternative assumpt \ >n;; on the parameters and ,<• jrre neorw-t-y . Bavarian

proba!) i I ist ic appro,;-. Ii is ijse<; i - j combine v a r i ' - J - , c.ourct' .>* in-c*r,a-

tion w i r h statistic >' oata ;f-> obtain the fcesi <--.t i-r-ates c>' the seismic

o ters and tho a.'cornpan-.'irifi uncertiinrios .

Two specific. C'jso :,-tu(iies are n^esenreo in !>-^.jil to illustrate

tin.- ,jpolicaMon of the prouabi I i s1 i ; .rnt- fh&fj of v:, : ,'• i '; ris^ evaluation

an:: -to investigate tho sensi t i v i 1y of results t^ different assumptions.

Mn rhf first case, seismic ri^k analysis is carried fo<~ the city of

Dt-'tizli, which ib located in the seismically rro-^t active zone of Turkey.

T;.o cecond analysis is ror Akkuyu. T^ i 3 site i r. undc-r con -i cierat ion to

b«como tho location of the f i r s t nucleor pf'wer p 1.Ui 1 Io ho b o i l t in

Turkey.

The input 'iata used in 'thesn case studies i" b isofl n.jinly on his-

torical data,' and no detailed <?3o Ionic or tectonic sii.nif;j of the sites

v.'ere carried. Thus, 'no r o b u l ^ s c^ntiot tio ui'vi in MJ.-' Delect ion of

f i nfj I design vah.cf.. , unless t 'KJ .l.itn uc.i7t) in 1fu-i,o mal /''.os .ire jupti-

fied thiouqh further jê  logic" arid teutonic siudies > f th<. r.jqions



under consideration.

For Denizli, based on observed data an empirical peak acceleration-

risk curve is obtained. This curve .is compared with the risk estimates

computed from the probabilistic model presented in this study. For the

range in which historical data is available, the theoretical predictions

are found to agree reasonably well with the observed values. In the

case study for Akkuyu, the selection of the design acceleration levels

for nuclear power plants is also discussed.
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Chapter 1

INTRODUCTION

1.1 Introductory Remarks

The time of occurrence, location, size and other characteristics

of future earthquakes in a seismically active region are unpredictable.

The analysis of earthquake effects, specifically the determination of

the maximum ground motion intensities to be expected in a certain site

within a given period of time is of major interest in earthquake

engineering. Thus, the engineers are concerned with the probabilistic

assessment of future ground motion intensities at a site. In view of

the uncertainties associated with both earthquakes and structural be-

havior, probabilistic rather than deterministic approaches appear to

be more appropriate in seismic structural design. The methods in which

the available data on the past earthquakes are treated as samples of

probability spaces are the best approaches to the assessmant of seismic

risk.

Seismic risk analysis plays an important role in seismic design

decisions concerning nuclear power plants. It is a fundamental element

in the selection of seismic design values. The term seismic risk is

used in this study to denote the probability that the maximum ground

motion intensity* (e.g. maximum ground acceleration) experienced at a

* The term "Intensity" is used in a general sense and it refers to a
parameter that measures the severity of ground shaking, e.g. maximum
ground acceleration, velocity or displacement, or the Modified Mercalli
intensity scale or the Richter magnitude.
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structural site will exceed a specified intensity within a specified

time interval. Similar to other extreme natural hazards (e.g. wind,

flood, etc.), the seismic risk can be conveniently expressed in terms

of the exceedence probability per year, called the annual risk, or

its reciprocal, which is the mean return period in years.

For engineering design and analysis purposes, it is desirable

to know the potential risk due to future earthquake events. The risk

has to be presented in terms of parameters suitable for structural

analysis and design. The inclusion of these parameters in practice

will help minimize the expected damage from future seismic occurrences.

Rational formulation of engineering decisions in seismic areas requires

quantitative descriptions of seismicity.

A seismic risk analysis is based on geological, seismological

and statistical information available in the region under consideration

or information available from other regions with similar conditions.

For important structures whose failure during future earthquakes

would cause major losses or disaster, such as nuclear power plants,

a careful and thorough analysis is justifiable and may be essential

for a proper design. However, for ordinary buildings a detailed and

refined seismic analysis is not practical. For these latter cases,

seismic risk maps may be constructed for given zones. Such seismic

risk maps could be developed through detailed risk analysis for many

sites 1n the region, and constructing isoseismal contours for speci-

fied intensity levels corresponding to given return periods.
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1.2 Review of Related Work

For a long time, people who have been aware of the importance

of seismic risk on the earthquake resistant design of structures have

looked into historical data and settled with maps of maximum inten-

sities (33,34). Only recently, probabilistic and statistical concepts

and methods have been applied to this problem.

Host initial attempts (38,55) involve large-scale numerical

studies based directly on available historical data. In 1966 Lomnitz

and Epstein (49) used the Poisson model for the occurrence of earth-

quakes with large magnitude. Later, Cornell (9,10), Esteva (24,25),

and Milne and Davenport (56) established the general basis for the

most complete analysis of the seismic risk problem with the inclusion

of the propagation mechanism of the ground motion from the source to

the site. Since then, improvements of all kinds have been tried for

better fitting experimental data, such as the Markov model of genera-

tion of earthquakes (39,79), the quadratic and bilinear magnitude fre-

quency laws (54,70), the probabilistic attenuation law (80), fault-

rupture model for seismic soruces (18) and the Bayesian approach (4,11,

24,46,57,81).

Recently there have been studies to combine the seismic and

structural randomness in evaluating the seismic risk (6,10,16,27,29,51,

79,81) for simple cases.
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1.3 Objectives and Scope of Study

Studies on seismic risk analysis, both specific applications

and methodology are now being carried all over the world. The main idea

of the present techniques is the development of a probability versus

ground motion intensity curve for a specific site based on the availab-

le geological, seismological and statistical information. In other

words, the aim is to be able to say that there is such probability

that during a specified period of time, a certain ground-motion inten-

sity will be exceeded.

An important step in seismic risk analysis is the identification

and modelling of seismic sources which contribute to the potential

earthquake risk at the site. The results will generally be sensitive

to the choice of the seismic source types (e.g point, line, or area)

close to the site. Thus, proper modelling of seismic sources is essen-

tial for the accuracy of the results of a seismic risk analysis. To the

author's knowledge, there is little work done on seismic source model-

ling and on the comparison of the results obtained from different

source models with the observed data recorded at specific sites.

One of the objectives of this research is to model the seismic

sources consistent with the existing theories of earthquake cause and

mechanism. For this purpose the current seismic source models are criti-

cally reviewed and for certain cases modifications are made or new

source models are formulated. In each case expressions to be used in

seismic risk evaluation are derived.
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The uncertainties associated with the risk model and the Input

parameters are analyzed and methods for incorporating the effect of

these uncertainties into the final risk are presented. For most sites

earthquake data are scarce and are seldom sufficient for the direct

estimation of the seismic risk for a specific site (50,67). Therefore,

uncertainty arising from the lack of sufficient data should also be

quantified and its influence on the seismic risk should be assessed.

Finally the application of the proposed models are demonstrated

by performing seismic risk analyses for specific sites in Turkey. The

predictions from the theoretical models are compared with the corres-

ponding risk values obtained from historical records. The sensitivity

of the final risk values to the degree of uncertainty associated with

each variable is analyzed. Their dependence on each other and the

degree to which they affect the results are evaluated.

In chapter 2, the basic theories and assumptions regarding the

seismic risk analysis are presented in all its generality. The formu-

lation of seismic source models is presented in Chapter 3. Here, three

different types of sources, namely point, line and area sources, are

analyzed.

Through a sensitivity analysis the influence of different para-

meters on the seismic risk is analyzed in Chapter 4.

The uncertainties in seismic risk analysis are discussed in

Chapter 5. The sources of uncertainties are described, and methods are
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presented for Including these uncertainties in the seismic risk esti-

mation.

In Chapter 6, the application of the probabilistic method of

seismic risk evaluation is illustrated through two specific case studies.

In the first one, seismic risk analysis is carried for the city of

Denizli, which is located in the seismically most active zone of Turkey.

The second analysis is for Akkuyu. This site is under consideration to

become the location of the first nuclear power plant to be build in

Turkey. Both cases are analyzed in detail to demonstrate the applica-

bility and limits of the model and to investigate the sensitivity of

the results to different assumptions. For this purpose a computer prog-

ram is developed and the numerical results obtained were presented

for the sites in question. Wherever possible, comparisons with obser-

ved historical records are made.

The summary and principal conclusions of this research are

presented in Chapter 7.
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Chapter 2

DEVELOPMENT OF THE SEISMIC RISK ANALYSIS

MODEL

2.1 Introduction

As mentioned in the previous chapter, due to randomness of earth-

quake size, time and space distribution, seismic risk study must be

treated in a probabilistic manner. Three major random variables in the

analysis are the magnitude of the earthquake, the distance from source

to site and the time occurrence of the earthquake. This chapter is

mainly concerned with the analysis of models used to characterize the

probability distribution of earthquake magnitudes and the generation

process of earthquakes as well as models describing the propagation

of waves originating from the source of earthquake.

2.2 Probability Distribution of Earthquake Magnitudes

The probability distribution of earthquake magnitudes are

derived from the recurrence relationships, which are the formulas

relating the frequency of occurrence and the magnitudes of earthquakes.

The recurrence relationship is obtained from data on past earthquakes

by curve fitting or regression analysis.

A common assumption which has obtained repeated validation from

historical records (Richter (64 ), Allen et al. ( l ), Esteva (25 ))

ts that In any given region the instrumental magnitude M has an
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exponential distribution. This is based on the well known Richter's

"linear" frequency-magnitude law which states that in a certain zone

of the crust and during a given period of time, the logarithm of the

number of earthquakes exceeding magnitude m, log N(m), decays linearly

with m

log N(m) = a - bm (2.1)

where a and b are regional constants and m is earthquake magnitude

expressed in the Richter scale, usually ranging from 3 to 8.7.

Equation 2.1 can be rewritten in the following form;

N(m) = e°"ßm

where o = a In 10 and ß = b In 10.

(2.2)

Generally, in the engineering risk analysis a lower bound m is

set for earthquake magnitude. Any earthquake with magnitude smaller

than mQ is not of engineering interest, and/or the statistical data

are not reliable. Thus, N(m) gives the total number of earthquakes

which are of engineering interest (within a specified time interval).

Then, the ratio of N(m) to N(m0) gives the probability that earthquake

magnitude will be greater than m, i.e.,

uf*,\ „a-ßm». i« >
and

FM(.m) 1 - e
-ß(m-mj

m > (2.3)
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The corresponding probability density function then is

f
M(

m) = -7- M1") = ß e ° m > m
rtM dm M — o

(2.4)

= O m < m

In the above derivation no upper bound is assumed for the mag-

nitude, implying the possibility of an infinite energy release from

earthquakes. However, both from theoretical considerations (Rosenblueth

(65 )» Rosenblueth and Esteva ( 66)) and from statistical evidence, it

appears that an infinite energy release is not possible and hence an

upper bound of magnitude exists. To include an upper bound, m,, the

cumulative distribution function expressed by Eq.2.3 is modified as

follows:

or

where

FH(m) - Pr(M

FM(m) = k [1-e

-ß(m-mQ)
N

1-e

mo 1 m 1

-ID ) -1

(2.5)

(2.6)

is a truncating factor needed to normalize the cumulative distribution

function to unity at m = m.., m« being the largest possible Richter

magnitude based on the seismological and geological data of the region.

The density function corresponding to this doubly truncated

linear form 1s:
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fM(m) = k g e."

= O

-B(m-m)
m _< m _<

elsewhere

(2.7)

The parameter a in the above relationships indicates the seis-

micity of an area, because it is related to the total number of earth-

quakes. The parameter 3 is indicative of the seismic severity of an

area because it represents the relative frequency of large earthquakes

to the small ones. The value of & varies from region to region (0.7-

2.9). Values reported from different parts of the world are given in

Table 2.1.

According to the seismic activity recorded all over the world,

the highest value for m, has been suggested to be 8.7-8.9 (59).

However, geotectonic and historic evidence for particular regions may

indicate adoption of smaller values.

To determine the a and b values from data, standard statistical

procedures can be utilized. The most common method is the use of least

squares method which yields the following estimators for a and b:

a = y + b m

I (m.-m){y,-y)

(2.8)

(2.9)
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where

I "I1

y.= log N1

n

?-** i

(2.10)

(2.11)

(2.12)

and n is the number of earthquakes with magnitude larger than m .

Other frequency-magnitude relationships, such as the quadratic

or bilinear forms have been proposed to improve the linear law of mag-

nitudes. For high magnitude earthquakes (say M _> 7) the linear law

overestimates the recurrence rate whereas the quadratic or the bilinear

forms eliminate (partially) this discrepancy between the observed data

and the single-line relation at high magnitude levels. However, the

use of linear magnitude-frequency law yields a more conservative risk

result compared to that obtained either from the quadratic or the

bilinear forms.

In the bilinear law, the two lines describing the recurrence

relationship are given by:

log N(m) =

log N(m) =

m

- b2 m

m m1

m > m'

(2.13)

(2.14)

where m1 is the magnitude at which the two recurrence lines Intersect.

The corresponding cumulative distribution function could be obtained
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in a similar way as explained in the case of single-line recurrence

relationship. Again, one could select upper and lower bounds on m to

obtain the doubly truncated bilinear law in which case the bounds given in

Eqs. 2.13 and 2.14 should be changed respectively to m £ m_< m1 and

m' < m <• ITL.

The quadratic magnitude-frequency law (ShIien and Tokso;: (73),

Herz and Cornell (54)) is as follows:

log N(m) = a + b.m + b.m2 (2.15)

Consideration of an upper bound ITL and a lower bound m yields to a

doubly truncated quadratic magnitude frequency law. Using Eq. 2. 15, the

cumulative distribution function* and the probability density function

of magnitude are obtained for this doubly truncated form and presented

below by Eqs. 2. ..'i and 2.17, respectively.

B(ITMTi ) + B(m2-m2)

uM

^M
d FM(m)
— V—
dm

- e

+ 282m)(e
B,(m-m )+ 37(m

2-m2)
°

(2.16)

) m <_ m £ m,

(2.17)
= O elsewhere

where

k' = (1 - e o -i (2.18)

A condition on B1, B? and m is needed, to ensure that Eq.2.16 is
an appropriate, i.e., non-decreasing cumulative distribution
function.
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is a normalizing constant.

Note that the linear relation is a special case of the quadratic

case with ß2 = O and ^1 = - 3-

2.3 Attenuation Model

When an earthquake occurs the ground motion will propagate and

attenuate with respect to distance away from the hypocenter*, with

the rate of attenuation depending on the soil conditions. The attenua-

tion model is a functional empirical formula that relates the changes

of the characteristics of the earthquake ground motion with distance.

The size of the earthquake and the type and location of the focus are

the important parameters in this model.

Many authors studied the attenuation laws for different zones

of the world and a number of empirical correlations of peak ground

surface motions with magnitude and distance have been developed.

Nearly all of these correlations have considered peak horizontal acce-

lerations, with only limited studies of peak velocities or displace-

ments. In this study only the attenuation of peak ground acceleration

will be considered. A detailed review of the proposed correlations

between peak acceleration and distance from source is given by

Yucemen (83).

Hypocenter (or focus) is the point in the earth's crust at which
initial failure on the fault plane occurs. The corresponding point
on the earth's surface directly above the focus is referred to as
the epicenter.
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Among the existing attenuation relationships the form suggested

by Kanai (40 ), Esteva (24,25) and Esteva and Rosenblueth (26 ) Is the

most widely used one in seismic risk analysis. This model relates Y,

the expected peak acceleration at the site to the modified* focal

distance, f(R), and magnitude, M, as follows:

b,M -b,
Y = b, e * {f(R)} ' (2.19)

in which b., b~ and b, are empirical constants whose numerical values

are chosen to fit observed data. Attenuation laws of this form are

listed in Table 2.2. In all cases considerable scatter has been obser-

ved in the plot of measured acceleration versus epicentral distance

for a given magnitude (see Fig.2.1). Thus, it becomes necessary to

define a unique prediction curve whereby the parameters b-, b_ and b.

may be determined. In general, this curve is taken to be the one

resulting from a least squares fit of the points on the acceleration-

focal distance attenuation plot. However, due to the significant scatter

of the observed data about the proposed attenuation law, one must

take into account the fact that the actual peak acceleration may be

substantially different from the predicted value. The resulting un-

certainty should be included in the final risk estimation, as will

be discussed in Chapter 5.

The modified focal distance f(R) is generally taken to be R + c
in which R is the focal distance and c is an empirical constant.
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2.4 Occurrence of Earthquakes

The generation of earthquakes as related to the geotectonic

mechanisms of faults as well as the timing, intensity and location of

future earthquakes, cannot be predicted in a deterministic way. The

generation of earthquakes in space and time falls under the general

field of stochastic processes (14,48,59).

Based on the past data, the future forecasting of earthquake

events can be done by means of two widely used statistical models.

These are the Poisson and the Markov models. Both models are represen-

tations of stochastic point processes. The Markov model differs from

the Poisson model in that the occurrence of new events depend on past

events whereas in the Poisson model these occurrences are independent

of past events. Results obtained using these two models may differ

somewhat. The Markov model conforms with the so called elastic rebound

theory ( 63 ). however, it requires conditional information of the

events which is generally difficult to assess. Besides, more numerical

treatment is needed which is costly and may not always be warranted.

On the other hand, the Poisson model does not always agree

with the observed data for small magnitude earthquakes, because it

ignores the tendency of earthquakes to cluster in time. Nevertheless,

it is an acceptable model for describing the occurrence of the main

shocks which are of major concern in engineering (39,47,49,50,53).

It has been observed that for earthquakes with interarrival times of

more than 10 years, the Poisson model gives similar results, to that
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obtained from the Markov model (70 ). In this study, the Poisson model

is used because of its simplicity, its wide-spread use in practice and

because the results obtained from the Poisson model is generally in

agreement with the results arising from more complex models, such as

the Markov model. However, for the sake of completeness the Markov

formulation is also presented briefly.

2.4.1 Poisson Model of Seismic Occurrences

The Poisson model of the occurrence of large-magnitude earth-

quakes has been well studied (18,39,45,47,49,50,70) due to

its simplicity in concept and treatment. For earthquake events to

follow the Poisson model the following assumptions must be valid:

(i) Earthquake occurrences are spatially independent,

(ii) Earthquake occurrences are temporally independent.

(iii) Probability that two seismic events will take place at

the same place and the same instant of time approaches zero.

The first two assumptions imply that an earthquake occurrence

at a location in a given region and at an instant in a given time

period does not affect any future occurrences in the area nor is it

affected by any past occurrences. In otherwords, the seismic events

are assumed to be "memoryless". The "with memory" model, such as a

Markov process, would be more acceptable because, consistent with the

elastic rebound theory, it seems reasonable that the previous earth-

quake occurrences would affect the location and time of the next
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occurrence in a given area. However, as mentioned earlier, the memory! ess

assumption does not introduce significant errors when large magnitude

earthquakes are of concern. The third assumption implies that within

a small time interval, At, more than one seismic event cannot take

place. This is a very realistic and good assumption which fits the

physical phenomenon ( 70 ).

According to the Poisson model, the probability distribution

of the number of earthquakes of engineering interest (m > m ) is

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

n!
(2.20)

where

Pr(N = n|v,t) = probability of having n events in
time period t

v = mean rate of occurrence per unit of
time.

The mean, E(N), and the variance, VAR(N), of the Poisson distri

bution are both equal to the mean rate v. The maximum likelihood

estimator of v is v= E(N) which is statistically distributed with

mean E(V) = v and variance VAR(v) = v.

For regions with little information, Bayesian inference (11,24,

25,46,50,59 ) has been used to estimate the value of v. In this

case the mean rate of occurrence v has been considered as a random

variable represented by a gamma distribution (see Section 5.3.2).
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According to the Poisson model, the distribution of the time

interval (waiting time) between two consecutive events is given by the

exponential law with the following density function:

fT(t) v e-vt t > O (2.21)

To check the Poisson model for fitting the data, tests of good-

ness of fit could be applied directly to the Poisson distribution. In

some regions of the world various authors have checked the Poisson

model. When aftershocks are excluded from observed earthquake sequ-

ences, a Poisson process for the main shock occurrences in time seems

to be a reasonable assumption (39,72,82),especialIy for large shocks.

For example,Ka11 berg and Cornell (39, 59) in analyzing California

earthquakes of magnitude greater than 4.5, obtained a bad fit using

goodness of fit test-it can be accepted at the 1% and not at the 5%

significance level. However, if aftershocks are properly separated,

the analysis is acceptable at a high significance level of 10%.

As seen the main deficiency of the simple Poisson process model

is that it ignores the tendency of earthquakes to come in groups which

are often triggered by a large main shock. The improvements to the

Poisson model are generally based on defining a dependence of each

event to the immediately preceding ones, generating a first-order

Markov chain.
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2.4.2 Markov Model of Seismic Occurrences

The Poisson process assumes spatial and temporal independence

between earthquake occurrences. Therefore, this process is unable to

represent earthquakes as the release of gradually accumulated strains

in the earth's crust or to describe foreshocks and aftershocks. Accord-

ing to the elastic rebound theory there is a storage of strain energy

that has to build up before a new event takes place (63 }. This means

that the probability of the future event depends on the past history

of earthquakes.

A discrete parameter stochastic process described by the func-

tion X{t) for the values of t = 0,1,2,3,..., is said to be a first

order Markov chain, if the conditional probability of X(t) depends

only on X(t-l), the previous value. Analytically the condition is

written as follows:

Pr[X(t)|X(l),X{2),...,X(t-l)] = Pr[X(t)|X(t-l)l (2.22)

A process governed by such an equation is said to have a one-step

memory.

A discrete Markov chain is a stochastic process having the

Markov property and possessing only a finite set of states. The system

is observed at regularly spaced intervals. The one-step transition

probabilities are arrayed in the one-step transition matrix [ P ]. This

matrix contains the probabilities of the system moving among the defined

states.
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Let the states O and 1 correspond to the events "no earthquake

occurs" and "one earthquake occurs", respectively. The two-state Markov

chain will have the following one-step transition matrix:

O

'1-P

. q
(2.23)

where
p = Pr(X(t) = l|X(t-l) = O), i.e. probability of having one

earthquake in this current period of time given that no earth-

quake occurred during the last period.

q = Pr(X(t) = 0|X(t-l) = 1), i.e. probability of having no

earthquake in this current period of time given that one earth-

quake occurred during the last period.

The period of time is chosen in such a way that not more than one earth-

quake occurs during this time interval.

The initial state of the system is defined by a probability row

vector IT(O). The state n steps later will be

n(n) = = n(o)-<j>(n) (2.24)

where, <}>(n) is the n-step transition matrix and represents the proba-

bilities of moving among the various states in n steps. For this case

[p]irj
n .J- p PI + (i-p-q)" TP -P]

p+q Lq pJ p+q L-q qj (2.25)
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As n approaches to » and assuming O < p+q < 2

— Plp+q Lq pJ

and the limiting state probability becomes

n = {0 I}-* = U 0}-4> = { -9- ,
P+q P+q

which is the same result as in the Poisson model (59).

(2.26)

(2.27)
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Chapter 3

MODELLING OF SEISMIC SOURCES

3.1 Introduction

The occurrence and magnitude mechanisms described in the previous

chapter characterize the generation of earthquakes in time and intensity.

The probabilistic description of the generation of earthquakes is comp-

leted by taking into consideration the spatial randomness. To solve the

space randomness, potential earthquake source regions (such as an

active fault trace, or an aeral region of unobservable faulting but

historically showing seismic activity, etc.) are identified with each

source being assumed to be spatially homogeneous in itself. In selec-

ting the geometrical configuration of the potential sources geotechni-

cal considerations as well as the seismic history maps of the region

should be taken into consideration.

In this study three different source models are described; de-

noted as point, line and area sources. The point source is the simplest

and the most basic case in the seismic risk study. Certain clusters of

historical activity may be concentrated at a point source. Line sources

are used to model well defined faults, where the length, direction and

position of the fault relative to the site are known. The area source

is used when the occurrence of earthquakes in a particular region is

not associated with a surface fault or where a potential zone of the

crust contains numerous active faults with no dominant orientation,or
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where the locations and the orientations of the faults are completely

unknown.

The seismotectonic provinces are associated with area sources.

A seismotectonic province is defined to be a geographic area charac-

terized by similarity of geological structure and earthquake charac-

teristics (37 ). In cases where an area source is comparatively large

it may be divided into smaller areas, each of which may be treated as

an independent areal source with constant distance from the site. The

locations, dimensions and boundaries of these sources relative to the

site of interest must be specified because they determine the relative

likelihood of Ri the "random" distance between epicenter and site.

In the following, first the general formulation of risk is pre-

sented and then the probability distribution of the peak ground accele-

ration for a site due to these three types of seismic sources are

derived.

3.2 General Formulation of Seismic Risk

Suppose that for a specific site, s number of potential seismic

sources were identified within a certain region surrounding 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 outside this circular area will not produce a

ground motion intensity at the site exceeding the specified level. For

example, the seismic risk analysis for nuclear power plants requires
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the consideration of a circular area of influence with a radius of

320 kms.

Each seismic source is assumed to be spatially homogeneous in

itself with the same rate of occurrence, the same focal depth, the

same attenuation model everywhere. Let v. and v denote the mean number
* •

of earthquakes per year with magnitudes greater than m for the itn

source and for the entire region, respectively. If an earthquake occurs

somewhere in this region, the probability that the ground motion in-

tensity at the site Y will be greater than a specified level y, by the

theorem of total probability, is:

where

Pr(Y >y) = I Pr(Y > yjE ) Pr(E1-)
' n

E,, = occurrence of an earthquake in the i*h source with

(3.1)

m _> m .

If the mean occurrence rate in the ith source is assumed to

remain constant with time relative to that over the entire region,

then the probability of occurrence of the event E. is expressed by (18)

Pr(E1)

Substitution of Eq.3.2 in Eq.3.1 gives

s

(3.2)

Pr(Y >y) - I Pr(Y >y|E1) -^- (3.3)
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If in the zone surrounding the site the generation of earth-

quakes (with m_> m ) is a Poisson process with v mean annual occurrence

rate, then the probability of n earthquakes taking place in one year

in the region is

Pr(N = n) =
n!

(3.4)

Among these earthquakes, one is interested in those events which

cause site ground motion intensity exceeding y. Hence, the cumulative

distribution function for the ground motion intensity at the site is

derived as follows (annually):

*) ' I Pr(Y <y|N = n) Pr(N = n)
n=o

[l-Pr(Y>y)]
-v n

n=o

= e-
v y [1-Pr(Y > y)] vn

n=o n!

= e"v exp [(1-Pr(Y > y))v]

= exp [-v(Pr(Y > y)) ] (3.5)

Now substituting Eq.3.3 in Eq.3.5 one gets,

FY(y) - exp [-v( f Pr(Y > (3.6)
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Letting

Pv = Pr(Y
y1

FY(y) = exp [ - I v.T 1=i i

(3.7)

(3.8)

Finally, the probability that the site ground motion intensity Y

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

Pr(Y > y) « l - exp [ - J v P ]
1=1 '1

(3.9)

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 motion intensities greater than y.

For small values of v.. P , by making use of the series expansion

of an exponential function, the annual risk approximately becomes

Pr(Y > y) « Z v. Pv (3.10)
1=1 1 yi

In order to compute the seismic risk for a site, the P term,
yi

which is defined by Eq.3.7 and depends on the source geometry,has to

be evaluated. In the following sections, expressions to evaluate this

term for point, line and area sources are derived.

3.3 Peak Ground Acceleration at a Site Due to Different Sources

In computing the probability that the random site ground motion

Intensity Y will exceed some specified value y, given a seismic event

occurs in the i*h source (I.e. P„ - Pr(Y > y|E.), the followingyi '
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general assumptions are made:

i) Y will denote exclusively peak ground acceleration since peak

structural response is usually proportional to this parameter and also

it is the most commonly used parameter to describe the seismic loading

at a given site.

ii) Within a source the magnitude of an earthquake is random and

has the cumulative distribution function expressed by Eq.2.5.

iii) The occurrence of seismic events within a source is random

and the locations of future earthquakes have a uniform distribution

over the line or area sources. In other-words, the location of an earth-

quake is equally likely anywhere in the source.

iv) The attenuation law is assumed to have the general form given

by Eq.2.19.

3.3.1 Point Source

A point source is generally used to model clusters of earthquakes

which cannot be associated with a faultora.seismotectonic province. If

a potential earthquake source is closely 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 elements or segments

are treated as point sources with the seismic activity originating
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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. 3.1.

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

site, the probability that the site ground acceleration will exceed

level y due to an earthquake event E is the- same as the probability of

the corresponding earthquake magnitude m being exceeded. In otherwords,

Py/r (point) = Pr(Y > y|R = r}* = Pr(M > mjR = r) (3.11)

The latter probability may be obtained by using the cumulative distri-

bution function of the magnitude as given by Eq. 2. 5. Thus,

y/r

By substituting for m from Eq. 2. 19, Eq. 3. 12 becomes:
b

Pv/r (point) = 1-kyf - - - In

_ ßb3
Py/r (point) = 1-k El-r

 b2
.
2̂

where
b2m -b,

• b "o ~U3

bjn. -bz l r

0 mQ}] (3.13)

01 y0-
y-yi *3-14)

(3.15)

(3.16)

For notational convenience, the condition of an earthquake event E
occurs is dropped in this expression; in otherwords Pr(Y > y|R = r)
implies Pr(Y > y|E with R = r).
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3.3.2 Line Source

Very often the earthquake epicenters within a region fall along

a major fault system. In this case a line source, with uniform proba-

bility of occurrence along its length, is used to model the location

of potential epicenters (or hypocenters).

Figure 3.2 shows schematically the geometry of a line source.

For the special case considered in Fig.3.2 the entire length, £, of the

fault is located on one side of the site. The fault is located at a per-

pendicular distance d from the site with a mean focal depth h. The

closest dista-ce from the site to the fault is denoted by r . The loca-

tion 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 magnitude and location

can be obtained as follows:

The line source can be divided into small segments of length

AU, each of which can be treated as a point source. Summing the contri-

bution of all such segments, as A£ -»• O, gives the probability of ex-

ceedence due to a line source of length £. Now, consider an element of

length AA on the fault with the focal distance to the site R * r.

Since R will have a fixed value, this segmental element could be trea-

ted as a point source and the resulting risk will be as expressed by
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Eq.3.14. Now, allowing R to be a random variable with a density func-

tion fo(r)> tne risk due to a single earthquake event E occuring

randomly at any location on the line source becomes

Py(line) = Pr(Y > y|E) = JPr(Y > y|R = r) fR(r) dr (3.17)
o

where Pr(Y > yjR = r) = P .(point) is given by Eq.3.14. The limits of

integration and the form of the probability density function of the

uncertain focal distance, fR(
r)» will depend on the configuration of

the fault with respect to the site. Below, some possible cases are

considered and the corresponding density functions are derived.

i) The fault is located entirely to one side of the site as

shown in Fig.3.2b.

Let the focus be located at a distance, x, from the end of the

fault which is nearest to the site. Then, from geometry the distance

of this focus (segment-! element) to the site will be (see also Fig.3.2a)

where

(3.18)

(3.19)

x is a random variable with a probability density function f»(x), given

as

O < x < (3.20)
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By making use of the rule of transformation

fp(D • W i £ I

'r' - r*

r < r <_ r*

(3.21)

(3.22)

where

r* = A2 (3.23)

Using Eq. 3. 17, the expression for P (line) becomes

11116I* = J dr (3.24)

Substituting Eqs.3.14 and 3.22 in Eq.3.24,

-p* _ J _ P /3

P (line.) = f [l-k(l-r b2 (-U-)" b2 e ° ] JLy ' bi «,
dr

= 1-k + k [
L— ßm ,°9 » o l

ßb,
i i

fr* r b2
J dr (3. 25)

r

The integral involved in Eq.3.25, can be evaluated directly for
Bb3

integer values of p » . In Table 3.1, expressions to evaluate
b2

this integral are given for some integer values of p.

ii) The fault is located across the site as shown in Fig.3.3a.
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In this case the fault AC can be treated as two separate faults

AB and BC with lengths £, and £_, respectively. It is also assumed that

the occurrence rate per unit length of the fault is constant. The pro-

bability density function of R for each portion will be

f tr) » _!_
R *1

fR(r)
1

1 r 1 r2

(3.26)

(3.27)

where. r =r2

and (see F1g.3.3a).

For such a fault configuration Eq.3.17 will be expressed as:

Py(line2) =—L I 1 Pr(Y > y|R = r) fR(r) dr

J 2 Pr(Y > y|R = r)fR(r)dr (3.28)

Hence, making use of the result of case (i) one gets

(3'29)

iii) The fault is located across the site with site lieing on

a normal at the center line of the fault as shown in

Fig.3.3b.
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This is a special case of (ii) with A1 = ̂ 2 =

symmetry, from the results of case (i) and case (ii)

Py(1ine3) = 'AB

. Thus, due to

(3.30)

iv) The fault is located across the site as shown in

Fig.3.3c.

The fault BC can be considered to consist of two parts, AC and

AB with lengths ft, and ̂ 2» respectively. The corresponding probability

density function of R for each portion will be

J_
A,

(3.31)

fR(D ro 1 r 1 r2 (3.32)

where,

and

r =r2
?2 4- r2
2 * ro

In computing P (linê ) from Eq. 3. 17, the contribution of the

imaginary portion e* the fault AB has to be cancelled out; this is

achieved by assuming a negative occurrence rate for this portion as

follows:

Py(line4) - HT j * PKY > y|R - r) fR(r) dr

2 Pr(Y > y|R - r) fR(r)dr (3.33)
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Similarly,

i y a y (3.34)

As seen, for the more general configurations, such as those

shown in Fig.3.3, the expression for P can be derived from the special

case denoted by "line.", where P (line..) is to be evaluated from

Eq.3.25, by substituting the appropriate bounds of integration and

fR(r).

The determination of the geometric configuration of line sources

is not easy, especially when the information on the position of the

fault system is scarce. Under such a circumstance a best fit to the

epicenters of past earthquakes attributed to that fault will be helpful

in identifying the geometric configuration of a line source.

3.3.3 Area Source

In some regions it may not be possible to correlate the past

seismic activity with any of the existing geologic structures 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 anywhere of the area, and the region will be

treated as an area source. Fig.3.4 shows the geometry of an area

source. In this study the area source considered is in the shape of

annular sectors of inner radius r^ and outer radius r~ with the site

at the center. The angle formed at the center between the source
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boundaries Is designated by O.

The probability that the site ground acceleration will exceed

level y due to a single earthquake with random magnitude and location

taking place in an area source can be obtained in a manner similar to

that for the line source.

Consider an elemental area, AA = r Ar AO, with a mean focal

distance r from the site as shown in Fig. 3. 4, such that the focal dis-

tance of any earthquake in AA will be approximately constant (Note

that for all elements in the area! strip considered in Fig. 3. 4 the focal

distance is the same). Since the focal distance R = r will have a fixed

value. this small element could be considered as a point source and the

corresponding risk is given by Eq. 3. 14. However, because in an areal

source the location of a future earthquake is random depending on the

value of O and R, the left hand side of Eq. 3. 14 may be written as

Pr(Y > y|R,0). Now letting R and 0 to vary randomly with a joint

probability density function fR Q(r,0), the probability that the site

ground acceleration will exceed a specified value y due to an earth-

quake with random magnitude and location occurring in an area source is

(Ty(Q

P (area) = Pr(Y > y|R,0) = J J Pr*(Y > y|R.©) fR e(r,Q)d0 dr (3.35)

where Pr(Y > y|R,0) » P (point) and is given by Eq. 3. 14. Since R and

0 may be assumed to be statistically independent,

W'0) * fR(r) (3.36)
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where f„(r) and f_(e) are the probability density functions of R and
K U

Q, respectively, and are expressed as follows (for derivation see

Appendix A):

o < G < e

f„(r)

o

Zr
„2 2

(3.37)

(3.38)

where

/rj2 + h2 (3.39)

(3.40)

and rj and r£ are the epicentral (surface) distances (see Fig.3.4),

Hence,

P (area) = f 2f 0Pr(Y > y|R,0) ^ • — do dr
y J J 0

rr^fO -ßb3/b? -ß/b2 ßm
J 2J °{l-k [1-r (-J-) e ° ] }

X

2r
2 - 2-

de dr

•> tr9 1-Ob-Xb- -ß/b9 ßm
2 Er(l-k) + k r 3 z (-*-) z e 0I

- r?) J bi
dr

(1-k) k e
ßm

Y
l (3.41)
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where
ßb_ (3.42)

It should be noted that the term Py(area) is independent of 0,

the angular coordinates of the source boundaries relative to the site.

2
In the above expression [

If1^- Y^\(r2 rl}

associated with the area source.

rY - rYr2 rl ] is a geometric term

3.4 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 (13,44):

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

accuracy of the final results when macro-analysis is performed.

ii) Extreme detail in the source modelling may introduce

numerical problems.

11i) When the number of seismic sources used in the modelling

is such that only a few earthquake records are attributed to each

source, the resulting recurrence relationships will be very unreliable.
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Iv) If an excessive number of seismic sources is taken 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 distance away from the site.
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Chapter 4

SENSITIVITY OF SEISMIC RISK TO MODEL

PARAMETERS AND ASSUMPTIONS

4.1 Introductory Remarks

The seismic risk evaluated on the basis of the model developed

in Chapter 3 will depend on the choice of the various parameters and

the assumptions made in the analysis. For a successful application of

the proposed model and for a meaningful interpretation of the results,

it is essential to understand the influence of each one of these para-

meters on the seismic risk. This is achieved by studying the sensitivity

of the calculated risk or the design value to changes in the parameter

values.

The degree to which the principal model parameters and assumptions

affect the results of a seismic risk analysis is the subject of this

chapter. Some reported values from sensitivity analyses of specific

sites are also used in this evaluation, as well as the sensitivity

study results obtained for the two case studies presented in Chapter 6.

In engineering designs the risk values are generally kept small

and for small risks, according to Eq.3.10, sources contribute almost

additively. Hence, in studying the sensitivity of final results to

various parameters, the individual sources can be treated independently.

Actually, for most parameters it is sufficient to consider the simple
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point source, which forms the basis for the line and area sources.

For a single point source and for small values of vP , the

annual risk, q, is obtained from Eqs.3.10 and 3.14 as

pD-5

Pr(Y > y) = q = v [l-k(l-r b2
—r —
b

0m.
2 e (4.1)

The design value of the peak ground acceleration, y, corresponding to

a specified annual risk, q, is found by rearranging Eq. 4.1

b9m , " 1 ~b-
yo * b. e * ° (1 + -* ) ß r 3
q 1 k

(4.2)

Equation 4.2 shows, in a functional form, the dependence of y on the

various seismic parameters. In the following sections this dependence

will be discussed briefly for the various parameters involved in seis-

mic risk analysis.

4.2 Sensitivity to the Attenuation Model

Sensitivity studies were carried by various researchers (Cornell

and Vanmarcke ( 13 ), GuIkan and Yucemen ( 31 ), Kiremidjian and

Shah ( 44 }, and Tong (. 75 )) in order to determine which attenuation

law constants are more important in seismic risk analysis. In these

studies the attenuation model 1s of the form given by Eq.2.19. The

results show that the risk is very sensitive to b« and b_ however the

risk is less sensitive to b and c.
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Kiremidjian and Shah ( 44 ) tested the effect of b, and c on

the risk results obtained for San Francisco. Figures 4.1, 4.2 and 4.3

are extracted from this study. Figure 4.1 shows the peak ground accele-

ration as a function of the percent change in b, for three hazard

levels: 10%, 20% and 30% probability of exceedence in 50 years*.

The resulting peak ground accelerations are almost linearly

proportional to the change in b... For a 5% increase in b. the corres-

ponding variation in peak ground acceleration is 5%, from 0.61 g to

0.64 g, for 10% probability of exceedence. Consequently the results

are not very sensitive to the parameter b,. The effect of c, however,

is in the opposite direction. As may be seen in Fig.4.2, for 10% pro-

bability of exceedence, a 5% increase in c results in a 5% decrease

in the peak ground acceleration value. If both parameters were to

change in the same direction and magnitude, the peak ground accelera-

tion value will be insensitive to these parameters (see Fig.4.3).

4.3 Sensitivity to Focal Depth

The study by Kiremidjian and Shah ( 44 ) indicated that the

error introduced, by the variations in focal depth is small, which is

consistent with the uncertainty studies given in Section 5.2.5. Figure

4.4 shows the change in peak ground acceleration with increases and

decreases in focal depth for 10%, 20% and 30% probability of exceedence,

The corresponding annual risks (q) for these three hazards levels
are 2.11 x IQ-3, 4.45 x 10'3 and 7.11 x 1O-3, respectively.
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for the city of San Francisco. According to Fig.4.4, the absolute value

of the largest possible change in peak ground acceleration is about 5%.

Thus, it seems that the errors in the reported focal depths do not

appreciably affect the results.

However, from Eq.4.2, it is observed that an accurate estimate

of the focal distance is important when the value of b, is relatively
/

large, since in this case the main contribution to the risk is from

closer sources. Thus, the estimation of focal depth becomes crucial,

because the focal distance is greatly influenced by the value of the

focal depth when the sources are close to the site. The focal depth of

a source may be difficult to estimate but it is relatively stable with-

in regions ( 13 ).

4.4 Sensitivity to Lower Bound Earthquake Magnitude

For a given seismic region, the log-linear recurrence equation

is obtained through regression analysis of data. The validity of the

regression equation and the reliability of the seismic parameters derived

from this equation depends largely on the amount and quality of the

available data. The lower bound, m , is selected such that (i) earth-

quakes of magnitude smaller than m would not produce damage on engineer-

ing structures, and (ii) data collected for magnitudes as small as m

are reliable. Generally a value of m = 4.0 - 4.5 is appropriate.

If the selected value of m is sufficiently small, a small change

in n»0 will not change the risk significantly for intensities of
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engineering interest (13, 18). For example an increase in

m would decrease v ty

changed (see Eq.4.2).

m would decrease v by a factor which would leave y practically un-

4.5 Sensitivity to ß

The slope of the recurrence line is equal to the parameter b or
g

to —-— . The value of ß originally was assumed to be a universal
In 10

constant, but subsequent studies have shown it to vary from region to

region. Values of 0 ranging from 0.70 to 2.9 have been estimated for

different regions of the world as given in Table 2.1.

A large value of ß (i.e. steep slope for the recurrence line)

means lower frequencies for large and moderate magnitude earthquakes.

Conversely a small ß means higher frequencies for large earthquakes.

Usually, the parameter ß has a marked influence on the seismic risk

in a region. If m and v are kept constant, an increase in ß would

result in a decrease in the risk, and a decrease in ß would result

in an increase in the risk.

Reliability of ß, depends mainly on the quality and quantity

of seismic data used in the regression analysis. In general, this

data is not sufficient and its reliability could be questioned. Hence,

a large uncertainty is expected in the estimated value of ß. For the

forty-three line sources and four area sources identified at California,

Kiremidjian and Shah ( 44 ) reported the coefficient of variation

(c.o.v.) of ß to range between 0.24 to 0.85 with a mean value of 0.40.
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The larger e-o-v- values are obtained in the case of faults with small

number of earthquakes. As observed, the c.o.v., which could be inter-

prated as a measure of uncertainty, is quite large.

The error in magnitude also effects the ß value. Donovan ( 19)

reported the error in Richter magnitudes of U.S.A. earthquakes to be

between 30% to 37%. The range of uncertainty in ß will depend on whet-

her the Richter magnitude is large or small and on how many earthquakes

there are at each magnitude level. In general, the uncertainty in the

large magnitudes will be more critical compared to the variations in

small magnitudes as far as the final results are concerned. For example,

for a source at California, if the magnitude of an event is increased

from a value of 7.7 to 8.1, the change in ß is 6%; whereas if the mag-

nitude of an event is changed from 3 to 3.3, then ß changes only by

0.15% (44).

The sensitivity of results to the parameter ß is studied by

Kiremidjian and Shah (44) for the San Francisco site. The value of

ß for the sources nearest to the site are varied, and the influence of

this change on the peak ground acceleration for 10%, 20% and 30% ex-

ceedence probabilities is shown in Fig.4.5. It is observed that an

increase in |ß| results in a decrease in the peak ground acceleration.

As an example, |ß| is increased by 5%, and the resulting changes are

given in Table 4.1. Inspection of these results reveals that the un-

certainty in ß has an overwhelming effect on the design values and

a good estimate of ß is crucial.
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4.6 Sensitivity to v

In Eq.4.2, for most values of m and m, of interest, k will be

sufficiently close to unity so that the power of v will be b2/ß, which

is the ratio of two magnitude related parameters. Both parameters are

well studied and. both may change relatively little from region to

region (13 ). Since, typical values of this ratio are of the order

of — to -z , the design value y will not be too sensitive to the mean
3 £• M

rate of earthquake occurrences. For example a 10% error in v would

cause an error of 5% or less in y.

4.7 Sensitivity to Upper Bound Earthquake Magnitude

One of the input parameters of seismic risk analysis is the

upper bound magnitude, m,, of the region. However, in most cases, there

is insufficient information for a reliable determination of m,. Because

of the uncertainty in the estimation of m«, it is necessary to study

how the selected value of m. influences the risk or the design value.

If the "true" maximum credible event is smaller than the one

assigned, the result will overestimate the peak ground acceleration

values. Such values will be on the conservative side, but may lead to

unnecessary design requirements. However, the main concern is the case

where an earthquake with magnitude larger than the assigned m, occurs

at a particular source. This may cause a serious underestimation of

the risk.
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Changes in m., increases or decreases the extent of potential

sources threatening the site. Thus, to observe the influence of the

variations in nij on the final results, specific case studies should be

considered.

Der Kiuereghian and Ang (18), based on some case studies

concluded that for low-intensity ground motions, the specification of

the upper bound magnitude is immaterial; however in designing important

structures (such as nuclear power plants, dams, etc), where high in-

tensity motions for design are required, the specification of the pro-

per value for FIL would be more critical.

The effect of the changes in m, on the design value of the peak

ground acceleration was also examined by Kiremidjian and Shah (44)

for the San Francisco site. In this study only the three nearest

sources to the site were taken into consideration. The m. values assig-

ned for these three sources were 8.3, 7.0 and 7.7. The influence of nij

on the peak ground acceleration for 10%, 20% and 30% probability of

exceedence is given in Fig.4.6. It can be seen in this figure that

after a 15% increase in m. further increases do not influence the peak

ground acceleration values significantly. The increase in peak accele-

ration due to 5% change in m^ is 11% for 10% probability of exceedence.

4.8 Sensitivity to Source Modelling

The result of a seismic risk analysis is also influenced by

the geometrical configuration of the potential sources. Therefore,
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in evaluating the seismic risk for a given site the influence of alter-

native assumptions as to the geometrical configuration of the potential

sources has to be examined. The variations in the geometrical configura-

tion of sources will not be important in the case of sources which are

far from the site, but will be detrimental for sources which are very

near to the site.

Another problem in seismic risk evaluation is the determination

of the maximum distance of potential sources that should be included

in the analysis. The length of the effective radius (which is the

radius beyond which consideration of additional sources has practically

no effect on the calculated risk) depends on the rate of attenuation

of the peak ground acceleration in the region, the specified value of

m,, the acceleration level y examined and the value of 8. A smaller

value of ß means higher frequencies of major earthquakes and the cont-

ribution from the distant sources may become significant.

In examining the sensitivity of results to the assumptions in

the modelling of sources, actual case studies have to be considered.

Such a study has been carried by Kiremidjian and Shah (44) for the

San Francisco site, where the three sources around the site were moved

away from the site and moved inward to the site along a perpendicular

line from the site to the sources. Corresponding to a 5% change in

inward or outward position of the sources, the variation in the peak

ground acceleration is +2% and -1%, respectively for 10% probability

of exceedence (see Fig.4.7).
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It is difficult to make generalizations on the sensitivity of

risk to the variations in source geometry. However, it is clear that

the influence of source location increases as the distance to the

source becomes smaller. Cornell and Vanmarcke ( 13 ) pointed out

that if the source is about two times the focal distance away from

the site, then the risk or the design value is seldom sensitive to the
*

details of modelling sources. On the other hand, the marked sensitivity

of risk to nearby sources should be kept in mind. For example, the

assumption of a source extending under or close to the site will give

extremely conservative results if, in fact, it is not a correct

assumption (13).

4.9 Sensitivity Study Results from the Two Sites

In Chapter 6 sensitivity of the calculated risk is analyzed for

two sites. One is for Denizli and the other is for Akkuyu. Sensitivity

studies are carried with respect to the focal depth, attenuation relation-

ship, 8, upper bound magnitude and source geometry. Based on these case

studies it is observed that seismic risk is most sensitive to the upper

bound magnitude and the attenuation relationship. For more detailed in-

formation on the sensitivity study results obtained from these two

sites the reader is referred to Sections 6.2.5 and 6.3.3.
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Chapter 5

ANALYSIS OF UNCERTAINTIES IN THE

SEISMIC RISK MODEL

5.1 Sources of Uncertainty

The seismic risk analysis model presented in Chapters 3 and 4

accounts for the randomness in the earthquake magnitudes and for the

randomness in the earthquake occurrences in space and time. However, in

this model a deterministic attenuation law is used and the parameters,

such as 3, v, m« are taken as deterministic values with the uncertainty

in them ignored.

The uncertainties associated with the assumed relationships and

the parameters involved in the seismic risk analysis are significant and

as discussed in Chapter 4, the final results are influenced by them.

Generally, the above uncertainties will contribute marginally to the

overall risk (13,18,57,80,81). Therefore, for a realistic estimation

of seismic risk, which is needed for making rational seismic design

decisions, these uncertainties have to be explicitly recognized and

accounted for by an adequate criterion. Actually, the main reason for

the preference of probabilistic methods in seismic risk analysis is the

fact that the parameters involved in the various stages of the analysis

are statistical measures and thus contain a certain degree of uncer-

tainty (.67 1. Only through probability theory these uncertainties

could rationally be evaluated and their influence on the final results

could be obtained.
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The main source of uncertainty in the seismic risk analysis is

due to the attenuation relationship. Other sources of uncertainty in-

clude: the uncertainty on the regional seismic severity parameter ß;

the uncertainty on the mean rate of earthquake events v (with magnitude

greater than m ); the uncertainty on the upper bound magnitude m^; and

the uncertainty on the geometry of the 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 could be analyzed inde-

pendent of the region of interest (18 ). On the other hand, the para-

meters Q, v and m. and the geometrical configuration of the seismic

sources are based on the geology and historic seismicity of the region.

Therefore, the degree of uncertainty on the estimates of these para-

meters and on the configuration of sources will depend on the quality

of the data available for the region, and accordingly they should be

analyzed separately for each site.

In this chapter the uncertainties in seismic risk evaluation

are analyzed and methods are proposed for including these uncertainties

in the final risk assessment.

5,2 Uncertainty in the Attenuation Relationship

5,2.1 Background Information

The widely used attenuation model given by Eq.2.19 is adopted in this

study. In Section 3.3 this deterministic form of the attenuation
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law is used. In fact the relationship expressed by Eq.2.19 is only a

crude correlation among the peak ground acceleration, the earthquake

magnitude and the focal distance. There is a significant scatter of

the observed data about the prediction curve described by this deter-

ministic attenuation relationship. As a result,the actual peak accele-

ration Y may be considerably different from the predicted value Y.a

The source of the scatter could be attributed to various factors.

First of all data come often from various regions with differing geolo-

gical and soil conditions and there is no means to account for the

local so;! conditions. As a result, at a particular site and for a

given earthquake, one would expect a systematic deviation from the

adopted attenuation law which was fitted to data from many sites of

various soil conditions.

Some portion of the dispersion about the attenuation law is

random in nature and even at the same site there will be differences

from earthquake to earthquake. This could be attributed to the varia-

tions in the earthquake generating mechanism and variations in the

wave propagation properties of the geological formations lying between

source and site. Also, due to the possible noncircular radiation patterns,

the results will be influenced by the random azimuth of the earthquake

with respect to the site (80 }.

In order to account for the scatter in the acceleration attenua-

tion relationship due to the factors discussed above as well as the un-

certainty in the assumed form of equation, a random correction factor
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is Introduced as follows:

Y = N1 Y (5.1)
a X

where Y = actual (corrected) value of peak acceleration ata
the site

9 = predicted value of peak acceleration at the site if

the scatter in attenuation law is neglected

N1 = random correction factor accounting for the combined

effect of uncertainties in acceleration prediction

equation; it is defined as the ratio between the

observed and predicted ground accelerations.

Esteva (25 ), Donovan (l9,20),Esteva and Villaverde (27 ), and

McGuire (.52 ) assuming N1 to be independent of Y, plotted the logarithm

of N, on normal probability paper, and showed that with reasonable

accuracy, In N. has a normal distribution.

Esteva (.25 ) found that the statistical distribution of N1 is

independent of magnitude and focal distance, and the

/observed acceleration \
predicted acceleration

is normally distributed with mean value 0.14 and standard deviation

1.02, This study of Esteya is presented in Fig.5.1.

Similar work published by Donovan (20) showed that the standard

deviation could be reduced to 0.707. Esteva and Villaverde (27 )
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actualized the former expression given by Esteva (25 ) by incorporating

new data available. These new expressions predict values twice as large

as the old ones, however, the dispersion is much lower, about 0.6. In

a recent study, McGuire ( 52 ), has found that the mean of In N, is

zero and the standard deviation is 0.51.

All these values are based on complete data sets with no consi-

deration for the type of site conditions at the location'where the

instrumental value was recorded. Consideration of the total data from

the San Fernando earthquake of 1971 gave a standard deviation value

of 0.48 (21). Donovan and Bornstein (21) separated the San Fernando

data according to the site conditions and excluded the values less

than 0.05g. In this case they found a maximum standard deviation of

0.39 for In N1-

Donovan and Bornstein (21 ) suggested that the uncertainty

value should not be considered constant at all acceleration levels but

should increase with decreasing acceleration values. Using the accele-

ration values for the 1971 San Fernando earthquake they recommend the

values given in Table 5.1 where foundation conditions are known.

In addition to these uncertainties which are accounted by the

random correction factor N.., one expects some variation due to uncer-

tainty in magnitude and especially due to focal distance (13,80).

The uncertainty in the (modified) focal distance is mainly due

to the error in the determination of focal depth and this adds additi-

onal uncertainty in the predicted acceleration. Data on the focal depts
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of past seismic events are usually missing or inaccurate. Also in seis-

mic risk analysis, instead of using different focal depths for each

seismic source, generally the same rounded mean value is used for all

sources within a seismotectonic province. The uncertainty due to in-

sufficient data and due to the use of rounded mean values is taken in-

to consideration by a correction factor, N«.

5.2.2 Modelling of Uncertainty in the Attenuation Relationship

In order to include the uncertainty in f(P), f(R) will be rep-

laced by in Eq. 2. 19. The dependence of Y on magnitude is des-
b2M b M

cribed 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, e is replaced by N3e . R~ and Ff represent the expec-

ted (mean) value of R and M, respectively, and are interpreted as the

best estimates of these variables. With these correction factors the

corrected acceleration then takes the following form:

T _-b
)(N2f(R))

 3)

in which,

f (R) = R" + c = /r12+ h2 + c

(5.2)

(5.3)

Magnitude is an instrumental measure of the size of an earthquake
defined as M * login.A/A where A 1s the maximum amplitude measured
by a Wood-Anderson seismograph at a focal distance of 100 km, and
A is a reference value (59 ).
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where r1 = epicentral (surface) distance

h = focal depth

c = an empirical constant

Eq. 5. 2 can be written as

b„H ,
(f(R)) 3}

-b,
N2 * N3 Y - H V

(5.4)

(5.5)

For the correction factor N-, it was shown that, with reasonable

accuracy, In N. has a normal distribution (see Section 5.2.1). The

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

denoted by 6.., is given in Table 2.2 as reported by various researchers.

The correction factors, N2 and N- are taken to be random variables

with mean equal to 1 and coefficient of variation 6« and o~, respec-

tively.

Taking the logarithm of both sides of Eq.5.5

In - = In N = In N1 - b3 In N2 + In (5.6)

Let In N = X, then

In -£ = X
Y

(5.7)

Assuming N1, N2 and N3 to be statistically Independent and

making use of Eq.5.6, based on the first-order approximation (see

Appendix B), the mean and standard deviation of X (i.e. of In N) are:
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E(X) = y * O

'VAR(X) o = 3I 3 2« + s?

(5.8)

(5.9)

where S^ is related to the uncertainty in the magnitude; b3 5- reflects

the influence of uncertainty in the depth of the future hypocenter; <5,

takes into account the possible deviations from the assumed attenuation

relationship.

The above coefficients of variation are used as measures of un-

certainty. In the following the quantitative evaluation of these uncer-

tainties are discussed.

5.2.3 Determination of Uncertainty due to Magnitude

In Eq.5.2 it is seen that the dependence of Y on magnitude is
a

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 coeffi-

cient of variation of H be designated by M and 6U, respectively. Usingn
.the first-order approximation,

b«H
6- = c.o.v. of e = b9 H 6M (5.10)

5.2.4 Determination of Uncertainty due to Focal Distance

The modified focal distance f(R) is expressed as

f(R) h2 + c
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a

As discussed earlier the uncertainty in f(R) is mainly due to the un-

certainty in h which is described by the coefficient of variation 6. .

Using the first-order approximation, the coefficient of variation of

f(R) is

P 6,
= c.o.v. of f{R) =

/r'2 + h* (/r12 + c)

R f(R)
(5.11)

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

tion, Ou, of the focal depth could be computed. As an example, let

r1 =50 km and c = 25. Assume it is only known that the focal depth

varies between 10 to 30 km. A uniform distribution* over this range

will give

and

Hence,

6. = 0.578 xh

202

= 20

30 - 10
30 + 10

0.289

0.289 = 0.027
/502 + 202 + 25)

If X is uniformly distributed between

c.o.v. of X are JT » 0.5 (X +

and X9, then the mean and

and 6X = 0.578
X2 - X1
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5.2.5 Relative Importance of Different Uncertainties Involved in

the Attenuation Relationship

The uncertainties stemming from three different sources contri-

bute to the total uncertainty in the attenuation relationship according

to Eq.5.9. The values of 6, corresponding to different attenuation

equations are given in Table 2.2. It is noted that 6j varies from 0.51

to 1.02. As discussed in Section 5.2.1, the larger 6, values result

in cases where data from various sites for different earthquakes are

combined without any consideration for the site conditions. If data

from one earthquake is analyzed taking into consideration the local

soil conditions, then it is seen that 6, reduces to about 0.40 (21 ).

Using all the reported values, an average value of 0.70 is obtained

for 6j.

In order to make a quantitative estimate of the c.o.v. of f(R),

&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 42.50N

and 25.5° E to 45.0° E, respectively, 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 F= 10 km with an error of ±5 km and assuming a

uniform distribution, one computes 6. * 0.29.
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The maximum value of Ŝ  occurs when r1 is sma'»l. Therefore, a

close source with r' = 10 km is considered, and c is assumed to be 25.

With these values the variation in f(R) is obtained from Eq.5.11,

102

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

In actual seismic risk analysis varying locations (i.e. varying r1

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 recording M,

then taking a uniform distribution in the interval FT ±0.5, one gets

<SM = 0.578
1.0 0.289

2 M

Therefore, from Eq.5.10

M

= 0.289

In Table 2.2, it is observed that the most common value for b^ is 0.8.

Hence, 63 = 0.289 x 0.8 = 0.23.

Comparing these representative values for the uncertainties it

is seen that, while values of S^ vary from 0.16 to 1.04 (the average

being, 0.702 = 0.49), the value of b| 6~ Wl11 generally be less than

0.02 and 6* is about 0.05. The combined contribution of b362 and 63 to a
O

is less than. 15% of the corresponding average contribution from 6,.
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These numbers indicate that the uncertainty in the peak accelera-

tion 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 magnitude have negligibly small additional

effects.

5.2.6 Incorporation of Uncertainty into the Risk Analysis

For a random Y, Eq.5.7 may be expressed as

In Y= In Y + X
d

(5.12)

Using the above equation and based on the theorem of total probability,

the risk that the site ground acceleration will exceed a specified

level y can be stated as (18):

Pr(V, > y) = Pr(In Y3 > In y)a a

= T Pr(In Yg > In y I X = x) fx(x)dx
— CO

= I PKIn Y > In y-x | X = x) f¥(x)dx (5.13)

As noted in Eq. 5. 6, the computation of the exact distribution

of X (i.e. In N) requires the knowledge of the joint distribution of

N., N2 and N, (if independence is assumed then Information on the in-

dividual distributions of Nj, N2 and N3 will be sufficient), which is

generally not available. However, since the major portion of the
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uncertainty is due to N1 {see Section 5.2.5), In N1 will be the dominant

term in Eq.5.6. In N1 has a normal distribution (20, 25 ), and thus it

is reasonable to assume a normal distribution for X with mean p and

standard deviation a as given in Eqs.5.8 and 5.9, respectively. Hence,

i
2

and

y) = J" Pr(In Y > In y-x | X = x)
I
2

(5.14)

dx (5.15)

On the basis of Eq. 5. 15, the uncertainty in the attenuation

relationship is incorporated into the risk analysis. As will be shown,

the effect of including this uncertainty term in the risk study is an

increase in the calculated risk. Below, Eq. 5. 15 is evaluated for a

point source.

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 .ft due to an earth-

quake event E can be written as follows:

Py/r(point) = Pr(Y3 > y | R = r) = JPr(In Y > In y-x | X = x)fx(x)dx

(5.16)

Making use of Eqs.3.11 and 2.19, Eq. 5. 16 becomes
b3

Py/r(point) ' JPr(M >̂ - In \-* - -*- | x)fx(x)dx
_ «» ' 1 2

(5.17)
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The limit of integration {-», *») of x has to be broken into

three ranges so that correct from of FM(m) is adopted within each range.
b3l r v xi) -T— In ——•*- —— < in in which case Fu(m) = O and x > x_

Do D1 On ~ O M — t

where
DnDl

X9 - In y - In (D- e r ) (5.18)

3
ii) — In -£—*• - -Z- > m, in which

- 1
case

FM(m) = 1 and x
b_m, -b_

where X1 = In y - In (bj e
 c r ) (5.19)

3
iii) m o£— In -—£ - — <_ mj iin which case

-ß(m-m )
FM(m) = k(1-e ) and Xj _< x <

Thus,

py/r(point) = I
 l (l-FM(m))fx(x).dx + J

 2 (l-FM(m)) fx(x)dx

+ I (l-FM(m))fx(x)dx

1 * - ° w

rx9 -ß(-i- In V-^
((x)dx - k (1-e D2 Dl ,(x)dx

fx(x)dx
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k e r
-S/b. x ßx/b

"1 X1

X1 X5

-1) - $* M
a o

. fx2 2 2e fx(x)dx + $ t—)
'

fx(x)dx

where $*(.) = is the complementary cumulative distribution
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Finally, one gets

Py/r( Poi

ßra.

$*

-ß/b,

X.

a

PU) _ $*
b2

=•)}

fir?-.§°)} (5.20)

For line or area sources equivalent expressions could be obtained

by making use of Eq.5.20 and following the "procedure described in Sec-

tions 3.3.2 and 3.3.3. For example, for a line source

py(line) = J py/r(point) fR(r)dr (5.21)

where, p , (point) is given by Eq.5.20 and fR(r) is the probability

density function of the random focal distance. fR(r) and the limits of

integration will depend on the configuration of the fault relative to

the site (see Section 3.3.2).

The effect of including the uncertainty associated with the

attenuation law on the risk results can be studied by comparing Eq.5.20

with Eq.3.14. To simplify the equations it is assumed that TOJ = •»

(i.e., no upper bound for the magnitude), so that k = 1. Under this

assumption, Eqs.3.14 and 5.20 become, respectively

3b3s
r-

Py/r(Point) = e (5.22)

and
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p . (point) = ** +' {l-** (-2. - J2)}
a "2

3V
3m
e ° r (5.23)

Now, based on the comparison of Eqs.5.22 and 5.23, the e 2 term,

which is one of the additional terms appearing in Eq.5.23, can be in-

terpreted as a penalty factor resulting from the uncertainty in the

attenuation relationship. The **(.) functions take into account the

effect of the specified acceleration level y with respect to m . The

comparison of Eqs.5.22 and 5.23 is accomplished through an example and

the results are presented in Fig.5.2. A comparison is also made for the

truncated magnitude case using Eqs.3.14 and 5.20 and the results are

shown in Fig.5.3. In all cases considered, the inclusion of the un-

certainty associated with the attenuation relationship, consistently

increases the seismic risk. When o is very small (less than 0.01), the

seismic risk obtained by using Eq.5.20 will essentially be the same

as the risk obtained based on Eq.3.14.

5.3 Analysis of Uncertainties in the Regional Seismicity Parameters

5.3.1 Background Information

In Chapters 3 and 4 the randomness in the earthquake magnitude,

location and the occurrence in time has been taken into consideration

through probabilistic distributions. The uncertainty in the attenuation

law is also incorporated into the risk analysis as described in Section



- 66 -

5.2. Finally, the uncertainty in the regional seismicity parameters has

to be taken into consideration. These parameters are namely ß, v and m,,

and they are also the parameters of the probabilistic distributions

described in Chapter 3. The values of these parameters are uncertain,

since they are estimated based on imperfect knowledge of regional seis-

micity. Following the general Bayesian view point these parameters may

be treated as random variables.

The main concern here is with the consistent treatment of para-

meter uncertainty so that it is properly included in the risk analysis.

When dealing with a specific site, the available (instrumental)

data will generally be insufficient to obtain a reliable estimate of

these parameters. In making his estimates an engineer should take into

consideration information stemming from sources of different nature,

such as: an expert's opinion, or reported values from other, better

studied regions of similar geotectonic properties, or additional in-

formation from further studies and observations for the region under

consideration, or any combination of these. Thus, a method for assimi-

lating various pieces of information is essential. A framework, as

described below, has been developed through the use of Bayesian sta-

tistics whereby various sources of information can be combined to

give an overall prediction of the desired seismicity parameter.

The geological, geophysical and all other available information,

combined with the engineering judgement, are used to construct a prior

probability distribution for the parameter in question, and the relevant
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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 application of the Bayes'theorem. The degree

to which the 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 geophysical and

statistical information.

In the following, uncertainties associated with the seismicity

parameters are discussed with an emphasis on the combination of various

sources of information with the statistical data to obtain best esti-

mates of these parameters and the accompanying uncertainties.

5.3.2 Bayesian Estimation of the Regional Seismicity Parameters

Mean Rate-v

Under the Poisson assumption for the generation of earthquakes,

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 distribution

for the parameter v, which is now considered as a continuous random

variable, can be established.
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To ease the computational burden the conjugate distribution for

a Poisson process, which is a gamma distribution, is used as the prior

distribution for v. The use of a conjugate 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 following form:

+n a~
vt „n-l

f (v|n,t) = *-£ * v > O (5.24)
V r (n)

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

and coefficient of variation of this distribution are given below.

E(V) = -O- (5.25)
t

VAR(V) = o2* ̂ - (5.26)v t2

c.o.v.(v) = S = — (5.27)
V /n

Suppose, the engineer reflects his prior information by a gamma

distribution with parameters n1 and t1. The parameters of the prior

distribution will be denoted by a single-prime. Now, if direct observa-

tions of the process, in the form of n earthquakes (with magnitude > m )— o
at the site in the past t years, become available, Bayes'theorem can

be used to update the prior distribution of v. The resulting posterior

distribution will be of the same form given by Eq.5.24, with the para-

meters (see Appendix C for derivations)

n" - n1 + n (5.28)
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t" = t' + t (5.29)

where the dQuMe-prijne denotes the parameter of the posterior distri-

Dution. The pî anjeters of the posterior distribution are related to
?' i

the parameter^ of the prior and sample information in a very simple

form. To dettrmine the posterior parameters of the gamma distribution,

n" and t", the engineer just adds the prior parameters, n* and t1, to

the sample statistics, n and t, without going to the trouble of directly

evaluating the Bayes* 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 distributions, the prior distribu-

tion results in a posterior distribution that is also a member 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 t' and

the sample statistics n and r, the prior distribution can be interpreted

as being equivalent in information content to having observed n1 earth-

quakes in t1 years prior to the actual observation of n earthquakes in

t years.

— n"The posterior mean, v" = — , 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
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(5.30)

5"v /n"
(5.31)

Slope öf the Frequency-Magnitude Relationship (Seismic Severity

Parameter) - ß

The parameter ß is known to be fairly stable from region to

region throughout the world, implying that a reasonably accurate esti-

mate could be made even without any direct observations from the site.

Again, for analytical simplicity a gamma distribution is taken to

describe the engineer's prior information about ß. Let the parameters

of this prior distribution be u1 and v1

v'-l
f'(3) - ß

r(v')
(5.32)

(DThe sample information will be in the form of n observations, m

m ,...,nrn't of the exponentially distributed magnitudes in excess

of mQ. The sample average of these n observations, is denoted by in and

is given by Eq.2.10. Again, owing to the special form of the prior

distribution selected, the posterior distribution of ß is a gamma distri-

bution with parameters u" and v", as given below (see Appendix D)

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

v" * n + v'

(5.33)

(5.34)
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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 ß, which are

1̂, _ V" (5.35)

(5.36)

6S- (5.37)

Upper Bound Hagnitude-m..

The magnitude of the largest earthquake which can occur within

a seismic source, m,, is another input parameter of the seismic risk

analysis. In this case, direct regional information is available in

the form of the largest observed earthquake during the observation

period. However, this information is generally insufficient on the

ground that the instrumentalIy recorded seismic data is available only

for the last 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 bound magnitude value assigned to a seismic source is decided

upon by increasing the largest event observed by some margin (usually

0.5 - 1.0 magnitude unit).
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For a reliable determination of m.., the regional data has to be

supplemented by other sources of information. An expert (such as a

geologist, or a seismologist), based on geotectonic features of the

region, information on fault length, studies of regional strain accu-

mulation and historical data may give a set of estimates for m... If

further he assigns probabilities to each one of his estimates (i.e.
• 7 •

p(nij), i = 1,2,...,z, such that .Z p(mj) = 1.0) reflecting his degree

of belief on them, then this discrete "subjective" probability distri-

bution can be used to find the mean and standard deviation (or coeffi-

cient of variation) of m, which are taken, respectively, as the best

estimate of m, and the associated 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 nij lies closer to the lower limit, m^, or to the upper limit, m ,

or to the middle of the range, an appropriate triangular distribution

may be prescribed. On the other hand if any value of nij 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 5.2. 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 (59 ).
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5.3.3 Incorporation of the Parameter Uncertainty into the Risk

Analysis

A Conceptual Model

In seismic risk analysis, as considered in this study, the aim

is to compute the probability that the peak ground acceleration Y at

the site exceeds a specified level y in one year. For a single point

source of r kms away from the site this probability of exceedence is

shown to be (see Section 3.2)

> y) = l-Fy(y) = 1-e (5.38)

where p . is to be computed from Eq.5.20, in which only the uncertainty

in the attenuation relationship has been taken into consideration. Thus,

Eq.5.38 accounts for the underlying physical randomness in magnitude

and occurrence of earthquakes in space* and time as well as the un-

certainty in the attenuation relationship. In Eq.5.38 the annual risk

is computed for given values of the seismicity parameters v, ß and m-,

which are also the parameters of the underlying distributions. Now,

letting these parameters to be random variables, the associated uncer-

tainties are incorporated into the final risk by averaging the annual

risk given by Eq.5.38 over the distributions of these parameters as

follows:

Randomness in space is accounted for by idealizing the region into
point, line or area sources as explained in Chapter 3.
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3> y) = l-Fy(y) = |°° j" J (1-e VPy/r) fv(v) fg(ß) f„ (n^) dv dß dmj

(5.39)0 0 0

where f(.) designates the probability density function, and all the

variables involved in Eq.5.39 are assumed to be statistically indepen-

dent.

A Practical Model

The explicit incorporation of the parameter uncertainties through

the conceptual model (Eq.5.39) is analytically difficult, besides it is

not possible to account for the uncertainty associated with the geomet-

rical configuration of potential sources. A simpler way to incorporate

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 5.3.2. The seismic sources in

the region are identified carefully using all available data that may

be pertinent to the region supplemented with judgments 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 "most

likely" estimate.

ii) Alternative parameter values and source models are taken

into corisideration. The degree of uncertainty associated with the best

estimates will be a useful measure in deciding on how much each
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parameter is to be varied.

•Hi) To each alternative a subjective weighing factor, reflec-

ting 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 the individual alter-

natives in the set. It is expected that the joint weighing factor com-

puted for the set composed of the best estimates will be the highest.

v) The risk analysis is repeated for each set of alternatives.

The risk computed for each set of alternatives is multiplied by the

corresponding (normalized) joint weighing factor. The sum of these

weighted risks yields the final risk which will be referred to as the

Bayesian* estimate. Mathematically formulated, the Bayesian estimate of

seismic risk for a single point source is:

n -vp
Pr(V > y) = 1-F (y) = J (1-e

a i- .s_i

since T w., - l,

|A.) w.j j (5.40)

Pr(Y > y) = 1 -
a

I AJ w. (5.41)
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where A. = the set of alternatives

w. = the weighing factor for the jth set of alternatives,
j

reflecting the professional confidence one has in them

n = number of possible sets of alternatives.

In Eq. 5. 41 the underlying physical randomness and the uncertainty

resulting from the attenuation relationship are directly accounted for

by the (1-e V/r) term where p . is to be obtained from Eq. 5. 20. 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, the incorporation of uncertainty according to this framework

is not as formal and direct as the conceptual model, its extreme simpli-

city in applications makes it attractive and acceptable. Until the

analytical difficulties in the conceptual model are overcome, this

framework seems to be the best way in handling the uncertainty associa-

ted with the seismicity parameters and source geometry.
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Chapter 6

APPLICATIONS TO SPECIFIC CASES

6.1 General Remarks

The application of the probabilistic method of seismic risk

evaluation is illustrated through two specific case studies. In the

first one, seismic risk analysis is carried "for the city of Denizli,

which is located in ths seismically most active zone of Turkey. The

second analysis is for Akkuyu. This site is under consideration to be-

come the location of the first nuclear reactor to be built in Turkey.

For both sites the output of the analysis is in the form of plots of

annual probability of exceedence (or mean return period) versus peak

ground acceleration at the site.

The input data is based on all the information available to the

author as of July 1978. It should be emphasized that the results pre-

sented here are mainly based on historical data, and no detailed geolo-

gic or tectonic studies of the sites were carried. 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 these analyses

are justified through further geologic and tectonic studies of the

regions under consideration. Determination of the final design values

is possible only after the geology of the sites have been studied

thoroughly, and the seismotectonic provinces are identified. The cri-

tical evaluation of the historical data base and the degree of seismic
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activity of all significant tectonic features surrounding the sites are

also essential. These studies require a team of experts (geologists and

seismologists) and are beyond the scope of this research*.

The main aim of these case studies is to illustrate the applica-

tion 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.

6.2 Seismic Risk Analysis for Denizli

6.2.1 Seismic Data

Denizli is a very developed west Anatolian city which is located

in a highly seismic area. The city has been recently shaken by an earth-

quake of magnitude 5 on August 19th, 1976. The earthquake destroyed 40

houses, damaged 1284 houses heavily and caused the death of 4 persons ( 3 ),

The western part of Anatolia is a highly seismic zone. Despite

the wealth of historical data, the accuracy of epicentral locations,

focal depths and intensities prior to 1900 are unreliable and are often

missing. Also, the further one goes back into history, the more likely

is one to reach the conclusion that it is the large events which survive

the intervening ages. Furthermore, recorded events almost always refer

to the effects caused at some center of habitation, and have a propensity

Such a study is now in progress for the Akkuyu site(sponsored by the
Turkish Electricity Authority) at Earthquake Engineering Research
Institute of Middle East Technical University.
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to neglect stronger earthquakes which may have shaken unpopulated areas.

The available catalogs on Turkish earthquakes are of different

reliability (Alsan et al. ( 2 )» Crampin and Ocer ( 15 ), Ergin et al.

( 22 , 23 ), Karnik ( 42 , 43 ), oca! { 61 ), Pinar and Lahn { 62 ),

Shebalin et al. ( 71 }}. All these catalogs, with the exception of the

work of Alsan et al.( 2 ), contain information extracted from other

sources and do not depend upon renewed computations. To combine all of

these catalogs without considering their relative relability and to

obtain the "most reliable" catalog would lead to serious inhomogeneities

in the end results. Hence, in this study the earthquake data is obtained

from the catalog prepared by Alsan et al. (2), where all earthquake

parameters (origin time, epicentral co-ordinates, focal depth and mag-

nitude) have been recomputed according to the same criteria on computer.

This earthquake catalog covers the interval 1913-1970.

Records of earthquakes for the 58-year period between 1913-1970,

within 280 km. of Denizli and with magnitudes of 4.6 or greater are

taken directly from Ref.2. The epicentral locations and magnitudes of

the 346 earthquakes considered for Denizli are shown in Fig.6.1.

6.2.2 Source Location and Seismicity

As a first step in seismic risk analysis, the geographical region

surrounding the site should be divided into seismotectonic provinces

and other tectonic characteristics should be identified. The idealiza-

tion of potential sources is then done consistent with this seismotectonic
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map. However, for Denizli such a map was not available and circles

centered around Dem'zli are drawn at 40 km intervals and assumed to

define the boundaries of the (geometrical) area! sources. This simple

source configuration may be justified on the grounds that there is no

major, active.well defined (length, orientation and position known)

fault in the vicinity of Denizli; the isoseismals of west Anatolian

earthquakes show approximately a circular pattern (32 ); as the distan-

ce from source to site increases the sensitivity of risk to the exact

shape of the source becomes negligible. The resulting seven annular

areal sources are shown in Fig.6.1.

The 346 recorded earthquakes are assigned to appropriate sources

consistent with their epicentral locations. The mean annual occurrence

rate for a source equals to the total number of recorded events within

that source divided by 58, the total duration of observation. For each

source the focal depth is taken as the average of all events associa-

ted with that source.

The lower bound magnitude is taken to be 4.6 for all sources.

In assigning the upper bound magnitude values, the m: :ude of the

largest earthquake recorded in the 58-year period within each source is

increased by 0.5 unit. This increase is due to the fact that the avai-

lable data is for a relatively short ?ei icd of time, and the maximum

possible earthquake in a source could be greater than the largest value

observed during these 58 years.
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The doubly truncated log-linear recurrence relationship (see

Sect. 2.2) is taken as the magnitude-frequency expression. The number

of events recorded in some sources is not sufficient to obtain a reliab-

le estimate for ß. Therefore, rather than finding a ß value for each

source using only the recorded events in that source, all of the 346

recorded earthquakes are combined and the ß value thus obtained is

used for all sources (see Fig.6.2). The value of 3 is quite stable for

the west Anatolian region and the use of the same ß value within an

area of 280 km radius of Denizli is consistent with this observation.

In Table 6.1, the geometric and seismic parameters of the seven

areal sources are summarized. These values may be considered as the

"best estimates" with respect to the information available currently

and will subject to revision with the assessment of new information.

6.2.3 Attenuation Relationship

In addition to the values of the above specified parameters, in-

formation is needed on the attenuation of peak acceleration from source

to the site. Only a few accelerograms of very low acceleration ampli-

tudes (of the order of 0.05 g) are available for the whole Turkey ( 28 )

and hence are insufficient for determining the attenuation character-

istics in Turkey. Thus, it becomes necessary to use the attenuation

laws derived for other parts of the world. Among the attenuation rela-

tionships of the form given by Eq.2.19, the one proposed in Ref. 70

(after Esteva) is used in this analysis. This attenuation relationship

is of the following form.
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Y = 5000 e°>8M (R + 40}"2 (6.1)

where R is the hypocentral distance in kms. In Figs.6.3, 6.4 and 6.5

this attenuation equation is compared with other formulas of the same

form but different attenuation coefficients, for M = 5, 6 and 7.

The adoption of an attenuation equation, which is based on data

obtained from another site will introduce additional uncertainty on

top of those discussed in Section 5.2. This uncertainty could be in-

corporated into the risk analysis by introducing another correction

factor, say N.. However, a simpler way will be to lump this uncertainty

to that described by N,, by increasing 6, by a certain margin (83).

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 (21). In this case study, a is assumed to be approximately

equal to S1 (see Section 5.2.5) a"d 1 ŝ value is taken to be 0.60.

Recently expressions for the attenuation of Modified Mercalli

Intensity with epicentral distance have been derived for the west

Anatolian region based on the isoseismal maps of earthquakes that took

place there ( 32 ). Using this information along with the available

empirical relationships for the correlation of Modified Mercalli In-

tensity with magnitude and acceleration, the following "mean" attenua-

tion relationship has been derived by the author for the west Anatolian

earthquakes:

I1"0*82 (6.2)
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where R is the epicentral distance. Although this study is at a preli-

minary stage, the attenuation relationship given by Eq.6.2 is used in

the seismic risk analysis for Denizli for the sake of comparison".

6.2.4 Computations

The annual probability of exceedence is to be computed from

Eq.3.9, where P for the ith area! source is to be evaluated from Eq.
yi

3.41, if the uncertainty in the attenuation relationship is neglected.

However, incorporation of the attenuation uncertainty is of outmost

importance, especially when there is no attenuation relationship based

on local data is available. On the other hand, the explicit incor-

poration of this uncertainty (as described in Section 5.2.6 for a point

source) becomes complicated in the case of area! sources. To simplify

the computations, each areal source is divided into annual subsources

of 2 km width. Each sübsource is then treated as a point source,with

a constant distance to site being equal to its mean radius. In other-

words, the integration process over an area source is approximated by

a summation process over discrete points.

The error in this approximation is very small. Comparing Eqs.3.14

and 3.41 it is observed that the geometric term associated with a point
_ ß b3

source is r 2 , whereas for an area source the geometric term is

rY - rY
( ' 2 ' 1) Wlth 2 -

ß b-
Let T be the ratio of these
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two geometric terms defined as follows:

T =
r "2 (6.3)

Figure 6.6 shows the variation of T with mean distance r from the site.

The difference is significant only for r < 5 km; and for r > 15 km , T

becomes almost 1.0.

A computer program is coded to evaluate numerically Eq.5.20

over the seven areal sources considered. In this way the uncer-

tainty in the attenuation equation is included. The data presented in

Table 6.1 is used together with the attenuation equation described by
%

Eq.6.1 to obtain the "best estimate" of the risk curve. This curve is

shown in Fig.6.7. In this risk analysis the standard deviation of the

correction factor for the attenuation relationship, a, is taken to be

0.60. As recalled, a is a measure of the overall uncertainty associated

with the attenuation relationship.

6.2.5 Sensitivity Analysis

In arriving the best estimate of risk that is presented in Fig.

6.7, assumptions were made on the attenuation law and on the values

assigned to the seismic and geometric parameters of the sources. However,

these assumptions are subject to uncertainties, and it is desirable

to examine the relataive importance of their influence on the final

results by perturbing a given parameter while keeping the others constant.
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This is done in the following paragraphs.

i. Sensitivity to Focal Depth — In Table 6.1, the minimum mean

focal depth is 36 km (for Source 4) and the maximum mean focal depth is

52 km (for Source 7). If all earthquakes with known focal depth within

the 280 km radius are considered the overall mean focal depth is com-

puted to be 44 km .

The risk analysis is repeated for focal depths of 36 km, 44 km

and 52 km. In each case the same focal depth is taken for all sources.

The resulting risk curves are presented in Fig.6.7 along with the best

estimate curve. As observed the variations in the focal depth produce

negligible influence on the risk values, and the best estimate curve

based on variable focal depths for each source (see Table 6.1) is very

close to the curve obtained by using the same focal depth of 44 km for

all sources. Hence, in the computations to follow the overall mean

value of 44 km is assumed as the focal depth for all sources, rather

than the values indicated in Table 6.1, and the corresponding risk

curve will be referred to as the "best estimate" from now on.

ii. Sensitivity to Attenuation Relationship — To check the

sensitivity of results to the attenuation relationship, a risk analysis

is performed with the same parameter values as in the best estimate

case, except the attenuation equation expressed by Eq.6.2 is used. The

calculated risks obtained from the two attenuation relationships are

presented In F1g.6.8 and as observed they differ significantly for
f

small risk values (less than 10 ). This suggests the need for the
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development of an attenuation relationship consistent with the attenua-

tion characteristics of the region where the site is located.

The sensitivity of results to the attenuation uncertainty is

also investigated by varying the value of o. Results obtained for

a = 0, 0.25, 0.50, 0.60 and 0.75 are shown in Fig.6.9, for the attenua-

tion relationship given by Eq.6.1. The degree of uncertainty in the

attenuation equation has a significant effect on the estimated risk.

As this uncertainty gets larger (i.e. as a increases) the acceleration

values corresponding to low risk levels increases substantially.

iii. Sensitivity to ß — The sensitivity of seismic risk to ß

1s studied by increasing and decreasing the value of ß by 10%. The

resulting risk curves are shown in Fig.6.10 together with the best

estimate risk curve. As observed, the results are rather insensitive

to the variations in ß.

iv. Sensitivity to Upper Bound Magnitude — The upper bounds

given in Table 6.1 are selected for each source to equal the magnitude

of the largest earthquake observed during the period 1913-1970 plus 0.5

units. The largest magnitude recorded during this period within 280 km. radi-

us of Denizli is 7.3. However, if the observation period is extended

to 1600, and "historical" earthquakes are examined,then the largest

earthquake ever observed for this region is estimated to be 7.5 (58). Again,

considering the possibility of an earthquake with magnitude larger than

7.5, the upper bound magnitude for the whole region may very conservatively

be assumed as 8.0.
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The sensitivity of seismic risk to the selected value of m. is

studied for the Denizli site by running two risk analyses with m^ = 7.5

and m, = 8.0 for all sources. The results are compared in Fig.6.11

with the best estimate curve. Examination of this figure reveals that

the value of mj assigned to seismic sources has a significant influence

on the results, particularly at low risk-large acceleration levels.

6.2.6 Bayesian Estimate

Among the input parameters required for a seismic risk analysis

the most uncertain parameter is the upper bound magnitude. The sensitivity

study carried-in Section 6.2.5. showed that the results are sensi-

tive to m,, especially for low risk levels (i.e. risk levels less than

10" ) associated with large acceleration values, which are of main

interest in the design of important engineering structures. The results

are also sensitive to the attenuation equation. However, there is no

relationship available for the attenuation of peak acceleration, based

on local strong motion accelerograph records.

In view of the above observations, a Bayesian estimate of risk

is developed using the practical model outlined in Section 5.3.3. -The

following alternatives on m, and the attenuation equations are consi-

dered:

i. For the upper bound magnitude values given in Table 6.1 a

subjective probability of 0.90 is assumed, whereas for the alternative

of m, = 8 for all sources the subjective probability 1s taken to be 0.10.
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ii. Attenuation equations expressed by Eqs.6.1 and 6.2 are

assigned probabilities of 0.70 and 0.30, respectively.

The resulting four alternative sets and joint weighing factors

are presented in Fig.6.12. The risk values corresponding to each alter-

native set is shown in Table 6.2 and the resulting Bayesian estimate

of risk is given in Fig.6.13. Note that the highest joint weighing

factor, 0.63, is assigned to the alternative set consisted of the best

estimates; in other words the best estimate risk curve is given a

weight of 63%.

For peak acceleration values of up to about 0.3g the Bayesian

curve is close to the best estimate curve, which is to be expected since

the best estimate curve receives the greatest relative weight in

obtaining the Bayesian estimate. For higher acceleration levels, the

Bayesian curve represents a more conservative estimate of risk compared

to the best estimate curve.

6.2.7 Comparison of Results with Observed Data

The magnitude of earthquakes recorded within 120 km radius of

Denizli during the interval 1913-1970 are converted into Modified

Mercalli intensity according to the following relation (33)

1.69M - 2.75 (6.4)

in which I is the MM intensity, and M is the Richter magnitude. The

region considered consists of sources 1, 2 and 3.
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For earthquakes occurred in the first source (r j< 40 km) no

reduction in the MM intensity is made. However, it is assumed that the

maximum intensity at Denizli is two units less than that observed for

an earthquake over the second source (40 km < r <_ 80 km). This reduction

is raised to three units for the third source (80 km < r _< 120 km).

These adjustments are made according to the attenuation equations deri-

ved from the iso-seismal maps of west Anatolian earthquakes. The MM in-

tensities thus obtained are then transformed into corresponding peak

ground accelerations, using the empirical relationship given below (12,34).

= 1Q(1/3-0.5) (6.5)

where y is the peak ground acceleration in cm/sec .

The empirical distribution obtained for the peak acceleration

at Denizli is presented in Table 6.3. The last column of this table

gives the expected number of earthquakes per year for which the peak

ground acceleration at the site exceeds the specified level y. These

values may be interpreted as the annual probabilities of exceedence.

The "observed" risk curve is compared with the best estimate and

l&yesian estimate risk curves in Fig.6.14. In the following, the esti-

mated and observed peak ground accelerations are compared for various

return periods at Denizli.



- 90 -

Peak Ground Acceleration (g)

Return Period
(years)

3
10
30
100

Best Estimate

0.03
0.06

0.094

0.14

Observed

<_ 0.03

0.03 - 0.07

0.07 - 0.15_

As it may be seen from this comparison, the agreement between

the theoretical predictions and observed values is reasonably well for

the range in which historical data is available.

6.3 Seismic Risk Analysis for Akkuyu

6.3.1 Seismic Data

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 built in Turkey.

The seismic data base used in this analysis has been taken

directly from Ref. 30 with an observation period of 1903-1972. All seis-

mic events with magnitude equal to or larger than m = 4.3 with a cir-

cular area of 320 km radius centered at the site are taken into consi-

deration. The only exception to this is the Akkuyu province defined in

Fig.6.15 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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6.3.2 Source Location and Seismicity

The seismotectonic provinces identified for the Akkuyu site were

presented in Ref. 30. This seismotectonic map is shown in Fig.6.15.

It is to be noted that in the region under consideration, 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.6.15. Within the remain-

ing six provinces no earthquake was recorded during the observation

period. Excluding 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 Sect.6.3.3 seismic activity is assumed for this site and its

influence is analyzed.

The Kyrenia-Misis region which extends as a narrow strip is

idealized as a line source. It is then subdivided into sections as

shown in Fig.6.16, 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 subregions so as to conform reasonably well

to the true shape of the province. The resulting area sources are shown

in Fig.6.16.

Since, over a seismotectonic province the seismicity is assumed

to be uniformly distributed, the values of the seismicity parameters
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for a subregion of a seismotectonic 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, v.will be proportional to

the area of the region, obtained as follows:

where

Aiv. = — v
1 A

(6.6)

v. = mean annual rate of earthquake occurrences for the

ith subregion

v = mean annual rate of earthquake occurrences for the whole

seismotectonic province

A. = area of the ith 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.

vi = (6.7)

where

A. = length of the ith subsection

£ = total length of the line source.

Each areal source is again divided into subsources and each

subsource is treated as a point source as explained in Section 6.2.4.

In Table 6.4, the seismic and geometric parameters for the seven

provinces and their subregions are given. The mean annual rate of earth-

quake events for a seismotectonic province is obtained by dividing the
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number of earthquakes observed over that region fay 70 years, the dura-

tion of record. The v. values for st

from Eqs.6.6 and 6.7, respectively.

tion of record. The v. values for subregions and subsections are computed

The upper bound magnitude values selected for each province 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

mi = 7.5 for this province, in spite of the fact that the largest earth-

quake recorded here during 1903-1972, is 5.8.

The average focal depths given in Table 6.4 are the rounded mean

values derived from the data given in Ref. 30 .

For each province the value of 3 is computed based only on the

earthquakes recorded within that province, and a doubly-truncated log-

linear recurrence relationship is assumed.

There is no sort of attenuation relationship available for the

region surrounding Akkuyu; even the one on the attenuation of intensity

does not exist. Thus, Eq.6.1 which is conservative compared to most of

the other attenuation relationships presented in Table 2.2 (see Figs.

6.3, 6.4 and 6.5} is used for the Akkuyu site. The risks associated

with different peak ground acceleration levels at Akkuyu are computed

based on this attenuation equation with a = 0.60 and on the parameter

values given in Table 6.4. The resulting risk-acceleration curve is

shown in Fig.6.17 .and this curve will be referred to as the best
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estimate risk curve for Akkuyu.

6.3.3 Sensitivity Analysis

Sensitivity analysis is carried with respect to o and m,. Also

the effect of the Cilicia region on the risk results is investigated by

assuming some activity for this province.

i. Sensitivity to a — The sensitivity of seismic risk at

Akkuyu to the attenuation uncertainty is examined by perturbing a.

Curves obtained for a = O, 0.30, 0.60 and 0.75 are shown in Fig.6.17.

The uncertainty associated with the attenuation relationship is seen to

increase significantly the acceleration values corresponding to Tow risk

levels that are less than about 10" .

ii. Sensitivity to ITL — The upper bound magnitudes given in

Table 6.4 are believed to be conservative enough. However, for the Akkuyu

province, in which the site is located, the upper bound of 6.0 is further

increased to 6.5 and the risk analysis is repeated. The assignment of

m, = 6.5 to Akkuyu is highly conservative since (30, 31 ):

a. The seismotectonic map shown in Fig.6.15 does not indicate 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.
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In Fig.6.18 the result of this assumption is compared with the

best estimate curve. As seen, the effect of increasing m, from 6 to 6.5

for the Akkuyu province, becomes significant for risk levels less than
-310

iii. 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 previously. However, since this province

is very close to the site it needs further attention.

The Cilicia province is idealized as an annular area! source with

r.j=35km and r2=66km (#20 in Fig.6.16). Since no earthquake was recor-

ded 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 (mQ _> 3.3) were observed

during the 70 years. If the same activity rate per unit area is assumed

for Cilicia then six earthquakes were expected 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 -̂ - = 0.0857.
70

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

bution with mean 0.0857 and coefficient of variation 0.41, one computes



- 96 -

the parameters n1 = 6 and t1 = 70. This prior distribution could be

interpreted as being equivalent in information content to having obser-

ved 6 earthquakes in 70 years. On the other hand, the sample information

obtained directly from the Cilicia region is in the form of no events

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

and sample information yields to a gamma distribution with parameters

given by Eqs.5.28 and 5.29 as

n" = n' + n = 6 + O = 6

t» = t1 + t = 70 + 70 = 140

The posterior mean of v" =
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.6.19. This curve gives slightly higher risk values compared

to the best estimate curve in which the Cilicia province was omitted.

6.3.4 Bayesian Estimate

In view of the results of the sensitivity analyses, the following

alternatives form the basis for the Bayesian estimate:

i. For the Akkuyu province, m, - 6.0 and m, = 6.5 alternatives

are assigned probabilities of 0.80 and 0.20, respectively.

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
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consideration (as described in Section 6.3.3) is given a subjective

probability of 0.25.

The resulting four alternative sets and joint weighing factors

are shown in Fig.6.20. In Table 6.5 risks obtained for these alternative

sets are given, and the Bayesian estimate of risk is computed. As may

be seen in Fig.6.21 the Bayesian estimate gives risk values which are

slightly higher than those computed for the.best estimate curve. This

is due to the fact that in computing the Bayesian estimate the alterna-

tive set consisted of the best estimates receives a relative weight of

60%, and the remaining 40% goes to the other three alternative sets for

which more conservative assumptions (such as m, = 6.5 for Akkuyu and

the consideration of the Cilicia province) were made.

6.3.5 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 earthquake (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.6.21 is 0.28g, whereas the

Bayesian estimate gives 0.29g. A return period of 5000 years is equi-

valent to a probability of non-exceedence of 0.992 for a plant with an
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economic exposure life of 40 years. If 0.28g is taken as the accelera-

tion level for the SSE then for OBE = 0.14g may be used.

In a recent study, Christian et al. ( 8 ) 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 corres-

ponding to a return period of 400 years is found to be 0.13g from Fig.

6.21. 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 can

not be taken directly as design values, until further investigations as

detailed as required by the U.S. Nuclear Regulatory Commission (78) and/or

the International Atomic Energy Agency (36,37) yield to exactly the same input

data as those used in this analysis. Otherwise, the design values sugges-

ted above may change considerably, since, as observed in Section 6.3.3 a

slight variation in the value of certain input parameters may cause

significant changes in the calculated risks.
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Chapter 7

SUMMARY AND CONCLUSIONS

Probabilistic and statistical methods are used to develop a

procedure by which the seismic risk at a specific site may be syste-

matically analyzed. The proposed probabilistic procedure provides a

consistent method for the modelling, analysis and updating of uncertain-

ties that are involved in the seismic risk analysis for nuclear power

plants. Methods are proposed for including these uncertainties in the

final value of calculated risk.

The potential earthquake activity zones are idealized as point,

line or area sources. For these seismic source types, expressions to

evaluate their contribution to seismic risk are derived, considering

various different site-source configurations.

Two specific case studies are presented in detail to illustrate

the application of the probabilistic method of seismic risk evaluation

and to investigate the sensitivity of results to different assumptions.

On the basis of the results of the preceding chapters, the follo-

wing conclusions can be made:

1. The seismic risk at a site is found to depend not only on the

inherent randomness of the earthquake process with respect to size, time

and space, but also on the uncertainties associated with the predicted

values of the seismic and geometric parameters, as well as the uncertainty
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In the attenuation model.

2. The relative frequency of earthquake magnitudes in a given

region may be assumed to follow the Richter's linear law of magnitudes.

The resulting log-linear recurrence relationships are representative

of the frequency of occurrences for medium magnitude earthquakes (say

M of 4, 5 and 6). On the other hand, for high magnitude earthquakes

(M^ 7) the linear law overestimates the recurrence rate. Quadratic or

bilinear forms may eliminate this discrepancy to a certain extent. However,

the linear relationship is on the safe side since it causes an over-

estimation of the actual risk.

3. The occurrence of earthquakes in time may be assumed to consti-

tute a Poisson process. This appears to be a reasonable model for

describing the occurrence of the main shocks which are of main concern

in engineering, and the results obtained from the Poisson model is

generally in agreement with the results computed from more complex

models, such as the Markov model.

4. The randomness in the occurrence of earthquakes in space

is analyzed by associating the past earthquake activity with point,

line or area sources. Over a seismic source a uniform probability of

occurrence is assumed. To simplify the computations, a line or an area

source may be divided into subsources, each of which may be treated

as a point source. As these subdivisions made finer, the error in this

approximation becomes negligibly small. Without this approximation,

expressions to evaluate seismic risk due to a line or an area source
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become too complex, In cases where the uncertainty in the attenuation

model is taken into consideration.

5. A seismic risk analysis model which accounts only for the

randomness in the earthquake magnitudes and for the randomness in the

earthquake occurrences in time and space (as described in paragraphs

2, 3 and 4 above) may be referred 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 seismic and geometric parameters are

not taken into consideration. However, sensitivity study results repor-

ted for various sites as well as those obtained from the two sites

analyzed in this study, show that the results of a seismic risk analysis

are significantly influenced by the form of the attenuation model, the

assumptions on the source geometry and the values of the seismic para-

meters, especially m,. Thus, a "full-probabilistic" approach should

also account for the uncertainties associated with the assumed relation-

ships and the input parameters involved in the seismic risk analysis

model.

6. For a realistic estimate of the seismic risk for a given site,

the effects of uncertainties associated with the attenuation equation

and the related parameters should be included. This is achieved through

the use of random correction factors. The largest uncertainty is due to

the equation error resulting from the scatter of individual acceleration

data points about the mean prediction curve. This uncertainty 1s repre-

sented by the coefficient of variation, S, whose value, based on
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reported studies, lies between 0.40 and 1.02. The incorporation of the

attenuation uncertainty consistently increases the seismic risk.

7. Adequate local information upon which to base an attenuation

model for a site may not exist. In such a case, one is forced to use

attenuation models based on ground motion data from sites in other

regions of the world. To account for the uncertainty resulting from the

use of an attenuation equation, which is based on data from a different

region of the world, the original value of 6, should be increased by

some margin.

8. The uncertainty in the seismic and geometric parameters has to

be taken into consideration. Following the general Bayesian view point

these parameters may be treated as random variables. Through the use of

Bayes1 theorem various sources of information can be combined with the

statistical data to obtain the best estimates of these parameters and

the accompanying uncertainties. The degree of uncertainty will depend

on the quality of statistical, geological and seismological data available

for the region. The Bayesian probabilistic approach is appealing, since

it can include subjective information acquired through experience

together with statistical data.

9. The risk curve obtained using the best estimates of the seis-

mic parameters and source geometry is called the "best" estimate of

seismic risk. The influence of uncertainty resulting from the Insufficient

Information on the seismic parameters and source geometry 1s Introduced

into the analysis by computing a mean risk curve averaged over the
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various alternative assumptions about the parameters and source geometry.

The risk curve thus obtained is referred to as the "Bayesian" estimate

of seismic risk.

10. For the city of Denizli based on observed data an empirical

peak acceleration-risk curve is obtained. This curve is compared with

the best estimate risk curve for the range in which historical data

is available, and the theoretical predictions are found to agree rea-

sonably well with the observed values.

L

11. There are no universally accepted criteria for the selection

of the design acceleration levels for nuclear power plants. For the

nuclear power plant to be built in Akkuyu, the SSE acceleration level

is based on a return period of 5000 years, and the peak ground accele-

ration level for OBE is taken half of that computed for SSE. Accordingly,

for Akkuyu, the peak acceleration levels for the SSE and OBE are found

to be 0.28g and 0.14g, respectively. If the OBE is based on a return

period equal to ten times the plant life, as suggested by Christian

et al. (8), the OBE acceleration level for Akkuyu becomes 0.13g, which

is consistent with the value obtained above. In selecting these values

the best estimate risk curve (Fig.6.21} is used and the plant life is

taken as 40 years. It should be noted that the acceleration levels

given here for the Akkuyu site can not be taken directly as design

values, unless the input data used in this study is supported by more

detailed investigations.
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12. Future research in the field of seismic risk analysis should

also deal with the modelling, analysis and updating of uncertainties

involved at various stages of seismic risk analysis. Models for in-

corporating directly the effect of parameter uncertainties should be

developed. For this purpose, the implementation of the conceptual model

presented in Section 5.3.3 can be studied.



- 105 -

LIST OF REFERENCES

1. Allen, C.R., Nordquist, J.M., Richter, C.F. and Amand, P.St.,
"Relationship Between Seismicity and Geologic Structure in
the Southern California Region", Bulletin of Seismological
Society of America. Vol.55, 1965.

2. Alsan, E., Tezucan, L. and Bath, M., An Earthquake Catalogue for
Turkey for the Interval 1913-1970, Kandilli Observatory,
Report No.7-75, July 1975.

3. Ates, R. and Bayulke, N., "Denizli Earthquake, August 19, 1976",
Publication of Geophysicsts Association of Turkey, Vol.6,
No.l, April 1977.

4. Benjamin, J.R., "Probabilistic Models for Seismic Force Design",
Jour, of Structural Division. ASCE, Vol.94, ST5, May 1968.

5. Blume, J.A., "Earthquake Ground Motion and Engineering Procedures
for Important Installations Near Active Faults", Proc. Third
World Conference on Earthquake Engineering. New Zealand,
Vol.IV, 1965.

6. Borges, J.F. and Castanheta, A., Structural Safety. 2nd edition,
Laboratio Nacional de Engenharia Civil, Lisbon, 1971.

7. Cloud, W.K. and Perez, V., "Unusual Accelerograms Recorded at
Lima, Peru", Bulletin of Seismological Society of America.
Vol.61, 1971.

8. Christian, J.T., Borjeson, R.W. and Tringale, P.T., "Probabilistic
Evaluation of OBE for Nuclear Plant", Jour, of Geotechnical
Engineering Division. ASCE, Vol.104, GT7, July 1978.

9. Cornell, C.A., "Engineering Seismic Risk Analysis", Bulletin of
Seismological Society of America, Vol.58, No.5, October 1968.

10. Cornell, C.A., "Probabilistic Analysis of Damage to Structures
under Seismic Load", in Dynamic Waves in Civil Engineering.
J.Wiley and Sons, N.Y., 19Ti:

11. Cornell, C.A., "Bayesian Statistical Decision Theory and Reliability-
Based Design", Structural Safety and Reliability. Pergamon
Press, Oxford and New York, 1972.

12. Cornell, C.A. and Merz, H.A., A Seismic Risk Analysis
of Boston M.I.T., Department of Civil Engineering, Research
Report, P74-2 , 1974.



- 106 -

13. Cornell, C.A. and Vanmarcke, E.H., "The Major Influences on Seismic
Risk", Proc. Fourth World Conference on Earthquake Engineering,
Chile, 1969.

14. Cox, D.R. and Miller, H.D., The Theory of Stochastic Processes,
Methuen, London, 1970.

15. Crampin, S. and Ücer, S.B., "The Seismicity of the Marmara Sea
Region of Turkey," Geophys. J.Roy.Astr.Soc.. 40, 1975.

16. Dalai, J.S., Probabilistic Seismic Exposure and Structural Risk
Evaluation. Technical Report No.169, Dept. of Civil
Engineering, Stanford University, 1973.

17. Davenport, A.G., "A Statistical Relationship Between Shock Amplitude
Magnitude, and Epicentral Distance and Its Application to
Seismic Zoning", Univ. Western Ontario, Facult Ena. Sei.,
BLWT-4-72, 1972.

18. Der Kiureghian, A. and Ang, A.H.-S.. A Line Source Model for Seismic
Risk Analysis. Structural Research Series No.419, University
of Illinois at Urbana-Champaign, Oct. 1975.

19. Donovan, N.C., "Earthquake Hazards for Buildings", in Building
Practices for Disaster Mitigation, Building Science Series
46, U.S. Department of Commerce, National Bureau of Standards,
Feb. 1973.

20. Donovan, N.C., "A Statistical Evaluation of Strong Motion Data
Including the February 9, 1971, San Fernando Earthquake",
Proc. Fifth World Conference on Earthquake Engineering,
Rome, Italy, 1973.

21. Donovan, N.C. and Bornstein, A.E., "A Review of Seismic Risk Appli-
cations" (revised), Proc. Second International Conference
on the Applications of Statistics and Probability in Soil
and Structural Engineering, Vol.3, Aachen. 1975.

22. Ergin, K., Güclü, U. and Uz, Z., Tlirkiye ve Ci van m n Deprem
Katalogu /11-1964). ITO Maden" Fakültesi Arz Fizigi Enstitüsü
Yayim No.24, 1967.

23. Ergin, K., Güclü, U. and Aksay, G., Turkiye ve Dolaylarimn Deprem
KataloSu (1965-1970). ITO Maden Fakültesi Arz Fizigi Ensti-
tüsü Yayim No.28, 1971.

24. Esteva, L., "Seismicity Prediction: A Bayesian Approach", Proc.
Fourth World Conference on Earthquake Engineering, Santiago,
Chile, 1969.



- 107 -

25. Esteva, L., "Seismic Risk and Seismic Design Decisions" , in Seismic
Design for Nuclear Power Plants. The M.I.T. Press, Cambridge,
Mass., and London, England, 1970.

25. Esteva, L. and Rosenblueth, E., "Spectra of Earthquakes at Moderate
and Large Distances", Soc. Mex. de Ing. Seismica, Mexico 11,
1964.

27. Esteva,L. and Villaverde, R., "Seismic Risk, Design Spectra and
Structural Reliability", Proc. Fifth World Conference on
Earthquake Engineering, Rome, Italy, 1973.

28. Gencoijlu, S., Personal communication, 1977.

29. Goto, H. and Kameda, H., "Future Ground Motion", Proc. Fourth World
Conference on Earthquake Engineering.Santiago. Chile, 1969.

30. Gülkan, P. and Yucemen, M.S., Assessment of Seismic Risk for Akkuyu,
"Applied Research Report No.76-04-03-37 submitted to the
Turkish Electricity Authority Nuclear Energy Division, METU,
Ankara, May 1976.

31. Gülkan,P. and Yucemen, M.S., "Seismic Risk Analysis for Nuclear
Power Plants", M.E.T.U. Journal of Pure and Applied Sciences.
Vol.10, No.l, April 1977.

32. Gurpinar, A., Abali, M., Yucemen, M.S. and Yesilcay, Y., Feasibility
of Mandatory Earthquake Insurance in Turkey, Applied Research
Report No.78-04-09-00-01, Earthquake Engineering Research
Institute, METU, Ankara, Oct. 1978.

33. Gutenberg, B. and Richter, C.F., "Earthquake Magnitude, Intensity,
Energy and Acceleration", Bulletin of Seismological Society
of America. Vol.32, No.3, July 1942.

34. Gutenberg, B. and Richter, C., Seismicity of the Earth, 2nd edition,
Princeton University Press, Princeton, N.Y., 1954.

35. Housner, G.W.,"Intensity of Earthquake Ground Shaking Near the
Causative Fault", Proc. Third World Conference on Earthquake
Engineering, New Zealand, 1965.

36. International Atomic Energy Agency, Earthquake Guidelines for Reactor
Siting, Technical Reports Series No.139, Vienna, Austria, 1972.

37. International Atomic Energy Agency, Safety Guide on Earthquakes, and
Associated Topics for Nuclear Power Plant Siting, Document
No.SG-Sl, Vienna, Austria, 1977.



- 108 -

38. lpek, M., Uz, Z., and Gliclü, U., "Earthquake Zones of Turkey
According to Seismological Data", Proc. Conf. on Earthquake
Resistant Construction Regulations. Ankara, 1965.

39. Kallberg, K.T., Seismic Risk of Southern California. M.I.T.,
Department of Civil Enaineering, Research Report, R69-31,
1969.

40. Kanai, K., "An Empirical Formula for the Spectrum of Strong Earth-
quake Motions", Bulletin. Earthquake Research Institute,
39, 1961.

41. Kanai, K., "Improved Empirical Formula for Characteristics of Stray
Eartquake Motions", Proc. Jap. Earthquake Synip., 1966.

42. Karnik, V., Seismicity of the European Area, Part I, Academia, 1968.

43. Karnik, V., Seismicity of the European Area, Part II, Academia, 1971.

44. Kiremidjian, A.S. and Shah, H.C., Seismic Hazard Happing of
CaIifornia. The John A. Blume Earthquake Engineering Center,
Report No.21, Dept. of Civil Engr., Stanford University, 1975.

45. Lomnitz, C., "Statistical Prediction of Earthquakes", Reviews of
Geophysics, Vol.4, No.3, August 1966.

46. Lomnitz, C., "An Earthquake Risk Map of Chile", Proc.Fourth World
Conference on Earthquake Engineering. Chile, 1969.

47. Lomnitz, C., "Poisson Processes in Earthquake Studies", Bulletin
of Seismological Society of America, Vol.63, No.2, April 1973.

48. Lomnitz, C., Global Tectonics and Earthquake Risk. Elsevier
Scientific Publishing Co., Amsterdam-London-New York, 1974.

49. Lomnitz, C. and Epstein, B., "A Model for Occurrences of Large
Earthquakes", in Mature. 211, 1966.

50. Lomnitz, C. and Rosenblueth, E., Seismic Risk and Engineering
Decisions. Elsevier Scientific Publishing Co., Amsterdam-
Oxford-New York, 1974.

51. Lui, S.C. and Fagel, L.W., "Earthquake Environment for Physical
Design: A Statistical Analysis", The Bell System Technical
Journal, Vol.51, No.9, Nov. 1972.

52. McGuire, R.K., Seismic Structural Response Risk Analysis, Incorporat-
ing Peak Response Regressions on Earthquake Magnitude and
Distance. M.I.T.. Department of Civil Engineering. Research
Report, R74-51, 1974.



- 109 -

53. Merz, H.A. and Cornell, C.A., Aftershocks in Engineering Seismic
Risk Analysis. M.I.T., Department of Civil Engineering,
Research Report, No.R73-25, May 1973.

54. Merz, H.A. and Cornell, C.A., "Seismic Risk Analysis Based on a
Quadratic Magnitude-Frequency Law", Bulletin of the
Seismological Society of America, Vol.63, No.6, Dec. 1973.

55. Milne, W.G. and Davenport, A.G., "Statistical Parameters Applied
to Seismic Regionalization", Proc. Third World Conference
on Earthquake Engineering, New Zealand, 1965.

56. Milne, W.G. and Davenport, A.G., "Distribution of Earthquake Risk
in Canada", Bulletin of Seismological Society of America,
Vol.59, No.2, April 1969.

57. Mortgat, C.P. and Shah, H.C., A Bayesian Approach to Seismic Hazard
Mapping; Development of Stable Design Parameters. The
John A.Blume Earthquake Engineering Center, Report No.28,
Dept. of Civil Engr., Stanford University, 1978.

58. Okamoto, S., Tabban, A. and Tanuma, T., Tlirkiye Deprein Siddetleri
Katalogu, Imar ve Iskan Bakanligi Yayinlan, Ankara, 1969.

59. Oliveria, C.S., Seismic Risk Analysis, College of Engineering,
University of California, Berkeley, Report No.EERC 74-1,
1974.

60. Orphal and Lahoud, "Prediction of Peak Ground Motion from Earth-
quakes", Bulletin of Seismological Society of America.
Vol.64, No.5, 1974.

61. ocal, N., Turkiye'nin Sismisitesi ve Deprem Cografyasi, 1B50-1960
Tlirkiye Depremleri Katalogu. Istanbul Kandilli Rasathanesi
Sismoloji Yayim No.8, 1968.

62. Pinar, N. and Lahn, E., Tlirkiye Depremleri tzahli Katalogu,
Bayindirlik Bakanligi Yapi ve Imar Isleri Reisli§i Yayin
No.6, Ankara, 1952.

63. Reid, H.F., "The Elastic Rebound Theory of Earthquakes", University
of California, Department of Geology, Bulletin 6 (19), 1911.

64. Richter, C.F., Elementary Seismology, W.H.Freeman and Co., San
Francisco, 1958.

65. Rosenblueth, E., "Probabilistic Design to Resist Earthquakes",
Proc.. Jour, of Eng. Mach. Div.. ASCE, Vol.90, No.EM5, 1964.



- 110 -

66. Rosenöl ueth, E. and Esteva, L., "On Sei smi city", Seminar on
Applications of Statistics to Structural Mechanics, University
of Pennsylvania, 1966.

67. Rosenblueth, E., "Analysis of Risk", Proc . Fi f th Horl d Conference
on Earthquake Engineering, Rome, Italy, 1973.

68. Schnabel, P.B. and Seed, H. B., "Acceleration in Rock for Earthquakes
in the Western United States", Bulletin of Seismological
Society of America. Vol.63, No. 2, 1973.

69. Seed, H. B., Hurarka, R., Lysmer, J. and Idriss, I. M., "Relationship
of Maximum Acceleration, Maximum Velocity, Distance From
Source, and Local Site Conditions for Moderately Strong
Earthquakes ", Bulletin of Seismological Society of America,
Vol.66, No.4, August 1976.

70. Shah, H. C., Mortgat, C. P., Kiremidjian, A. and Zsutty, T. C., A Study
of Seismic Risk for Nicaragua. Part I, The John A. Blume Earth-
quake Engineering Center, Stanford University, 1975.

71. Shebalin, N. V., Karnik, V. and Hadzievski, D., editors, Balkan Region,
Catalog of Earthquakes, UNESCO Project Office, Skopje, 1974.

72. Shlien, S., "Estimation of Earthquake Risk", H. I. T.. Earth and
Planetary Science, 2nd Quarterly Report. 1973.

73. Shlien, S., and Toksoz, H. N., "Frequency-Magnitude Statistics of
Earthquake Occurrence", Earthquake Notes (Eastern Section
of the Seismological Society of America), 41, 1970.

74. Shlien, S and Toksoz, M. N., "A Clustering Model for Earthquake
Occurrences", Bulletin of Seismological Society of America.
Vol.60, No.6, Dec. 1970.

75. Tong, W. H., Seismic Risk Analysis for Two-Sites Case, Seismic
Design Decision Analysis Report No. 18, M.I. T., 1975.

76. Trifunac, M. D. and Brady, A. 6., "On The Correlation of Peak
Acceleration of Strong Motion with Earthquake Magnitude,
Epicentral Distance and Site Conditions", Proc. U.S. National
Conference on Earthquake Engineering, Ann Arbor, Michigan,__

77. Trifunac, M.D. and Brady, A. 6., "Correlations of Peak Acceleration»
Velocity and Displacement with Earthquake Magnitude, Epicentral
Distance and Recording Site Conditions," International Journal
of Earthquake Engineering and Structural Dynamics. No. 3, 1976.



- Ill -

78. U.S. Atomic Energy Commission (now referred to as U.S. Nuclear
Regulatory Agency, NRA) "Seismic and Geologic Siting
Criteria for Nuclear Power Plants", 10 CFR 100, Appendix A,
Nov. 1973.

79. Vagliente, V.N., Forecasting The Risk Inherent in Earthquake
Resistant Design, Stanford University, Department of Civil
Engineering, Technical Report No.174, 1973.

80. Varmarcke, E.H. and Cornell, C.A., Analysis of Uncertainty in Ground
Motion and Structural Response Due to Earthquakes. H.I.T. Dept,
of Civil engineering, Research Report, R69-24, 1969.

81. Veneziano, D., Probabilistic and Statistical Models for Seismic
Risk Analysis, M.I.T., Department of Civil Engineering,
Research Report, No.R.75-34, July 1975.

82. Vere-Jones, D., "Stochastic Models for Earthquake Occurrence",
Journal of the Royal Statistical Society. No.l, 1970.

83. Yucemen, M.S., A Probabilistic Study of the Correlation of Peak
Acceleration with Earthquake Magnitude and Epicentral
Distance. M.E.T.U., Department of Applied Statistics
Working Paper No.11, Ankara, March 1978.



- 112 -

Table 2.1

Values of 3 in Eqs.2.3 and 2.5 for Different

Seismic Regions

Seismic Region

Various Regions of Turkey 0.74-1.70

Whole Turkey 1.51

Circumpacific Belt 2.16

Alpide Belt 1.70

North and Central America 2.26

Southern California 1.94

California 2.07

Various Parts of the World 1.61-2.88

Whole World 2.07
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Table 3.1

Evaluation of the Integral of Eq.3.25

Bb,
P = dr

(r2 -

-2

-1

O

1. /..2 _ -2)3/2 + „2 /„2 ; „2)%

3 o' o o'

Or
— (r2 - r2)*5 + — =• log {r + (r2 - r2)^}
2 ° 2 °

( O O \1x>r 2 -^ 2 J-S

log {r + (r2 -

i sec'1 (
ro

(r2 - r2f'

r! r

/ O 1S \itf{r - r J^

2 r 2 r 2
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Table 4.1

Change In Peak Ground Acceleration

Due to 5% Increase in |ß| (after

Kiremidjian and Shah, Ref.44)

Probability
of

Exceedence

10%
20%
30%

Change
From

0.61g
0.43g
0.34g

in Peak Ground
To

0.5Og
0.34g
0.26g

Acceleration
% .Change

18%
21%
24%

Table 5.1

Variable Uncertainty Factors

(after Donovan and Bornstein, Ref.21)

Acceleration
Percent of g

1
5
10
15

Uncertainty Factor
Standard deviation of In N1

0.50
0.48
0.46
0.41

- 6..
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Table 6.3

Empirical Distribution of Peak Acceleration

at Denizli

MH Intensity
»i

5

6

7

8

Peak
Ground
Acceleration
(cm/sec2)
y

14.7

31.6

68.1

146.8

Expected No. of
Mo. of Earthquakes
with I _> i

NO)

19

6

2

O

Earthquakes with
Y _> y Per Year

N(J)
58

0.328

0.104

0.035

O
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Fig.3.1 The Geometry of a Point Source
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Fig.3.2 The Geometry of a Line Source
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Fig.3.4 The Geometry of an Area Source
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Fig.4.1 Sensitivity of Peak Ground Acceleration to
Variations in b,- San Francisco Site (after
Kiremidjian and Shah, Ref.44)
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Fig.4.2 Sens-'-'" ity of Peak Ground Acceleration to

Variations in c-San Francisco Site (after
Kiremidjian and Shah, Ref.44)
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Fig.4.4 Sensitivity of Peak Ground Acceleration to Variations in
Focal Depth-San Francisco Site (after Kiremidjian and
Shah, Ref.44)
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Peak Ground Acceleration, 9 - Units
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Fi g. 5. 2 Influence of the Attenuation
Uncertainty on Seismic Risk
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Fig. 5. 3 Influence of the Attenuation
Uncertainty on Seismic Risk
(ni = 8.0)
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Fig.6.1 Epicenter and Seismic Source Location for Denizli
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Recurrence Relationship
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Sensitivity of :Seismic Risk
Estimates to Variations in
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Fig.618: Sensitivity of Seismic Risk
I ; Estimates to Attenuation
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Fig.6.16 Location and Geometry of Seismic Sources
for Akkuyu
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Fig.6.18 Sensitivity of Seismic Risk.
Estimates to Variations in
m} Assigned for the Akkuyu
Province
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Fig.6.21 Comparison of the Best and
: Bayesi an Acceleration Risk

Estimates for Akkuyu
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Appendix A

DERIVATION OF EQ. 3.38

From the geometry, the focal distance of the elemental area

source is (see Fig.3.4)

+ fi2 (A.I)

R1 the random variable denoting the epicentral distance, has a cumulative

distribution function, FR,(r'), given by

F0,(r
1) = Pr(R1 < r1)

- r 2

12

Therefore,

f (r')
R dr' '2

rl 1 r' 1 r2

From the transformation rule,

where,

Substituting Eq.A.5 in Eq.A.4

2r
- r(2 2 (r2 - R2

» 2r_
12 „12

(A.2)

(A.3)

(A.4)

(A.5)

(A.6)



0.2 0.4 0.6 0.8 l.ü

Maximum Ground Acceleration, g



u. u u.ö

Maximum Ground Acceleration,
^^^^™ • — —

1.(J

q Ji

- 159 -

Appendix B

FIRST-ORDER APPROXIMATION OF THE MEAN .

AND VARIANCE

It is often desirable to compute the expectation and/or variance

of a function of random variables in terms of the first few moments of

these variables. The approximate formulas are obtained from the Taylor

series expansion.

Let Y be a function of the n dimensional random vector,

X • (X1X,..., X), as follows:

Y = f(X) (Bl)

The means and variances of X are assumed to be known and given respecti-

vely, as

p = (y,, Uo. •••. VJ (B2)

a2= , *, (B3)

Also, it is assumed that all the covariances, a.., and other higher

order moments can be found.

An approximate expression for E(Y) and VAR(Y) can be derived by

using a Taylor series expansion of Y about u. Then,

n
-f (X1 ,X9,..., X) - f(u)*X (̂ )0 (X. - u.)1 2 n ~ <=1 av ° 1 1

1=1 OA.

n n

2!

1 Il Iii i o 32f

J=I 3X. 3X.j
-J0 (X1 - W1 (64)
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The subscript "o" indicates that the partial derivatives are evaluated

at X = VL. Truncating terms of order two and higher is tantamount to

linearizing Y. Thus, considering only the first two terms in Eq.B4 and

taking the expected value, it-follows that

E(Y) = f(u)

The expression for the variance is obtained similarly as

(B5)

VAR(Y) - J (SL )* a2 + H (— )n (—
i=l 9X1 l7J 9X.i

(B6)

If X,,X , ...,X are assumed to be mutually uncorrelated, then

VAR(Y) = J (— )J a2. (B7)
i=l 8X.
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Appendix C

DERIVATION OF THE POSTERIOR DISTRIBUTION OF v

Let the prior distribution of v be a gamma distribution with

parameters n1 and t1.

t'"' e-vt> v"'"1

r(n')
(C.I)

The new data can be incorporated using the Bayes'equation which is

expressed, for the continuous random variables, as follows:

f(e|y) f'(e) f(y|e)

j"
(C.2)

f (e) f (y|9) de

where 0 is the unknown parameter and y denotes the sample information.

The probability density functions f'(6) and f(9|y) represent the prior

and posterior distributions, respectively, and f(y|e) represents the

likelihood function.

The sample information on v, will be in the form of n earthquakes

(with magnitude 2i m ) taking place at the site in the past t years.

Since the occurrence of earthquakes (with magnitude _> m ) is assumed

to follow a Poisson process, the corresponding likelihood function will

be

f(y|v) = Pr(observing n earthquakes in t years|v)

(vt)
n!

(C.3)
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Substituting Eqs.C.l and C.3 into Eq.C.2

f(vjy) =

t.n' e-vt' vn'-

r(n')

r t-"' e"
vt' v"'-1

J r(n')

(vt)
n!

(vt)n dv
n!

-vt"e v

r -vt" n"-l .e v dv

(C.4)

where

n" = n1 + n

t" = t1 + t

Honnmina'f nv» ontial

(C.5)

(C.6)

c +n .,,MP, / Thova-Fnva

the posterior distribution of v becomes

t..n" e-vt" vn"-l

r{n")
(C.7)

which is a gamma distribution with parameters n" and t".
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Appendix D

DERIVATION OF THE POSTERIOR DISTRIBUTION OF ß

Let the prior distribution of g be a gamma distribution with

parameters u1 and v1

•v' -ßu1 „v'-l
= U- -e- . -... ft

r(v')
(D.l)

In this case, the sample information will be in the form of n obser-

vations HP ',nr ',...,rrrn', of the exponentially distributed magnitudes.

If the distribution of magnitude is taken to be of the form given by

Eq.2.4 (unlimited upper bound for magnitude), then the likelihood

function will be

f(y|ß) = n ß e~ß(m ' * mo}

= ßn exp(-ß l UT-1' + ß n m J

where

ßn exp(-ß n m + ß n m )

ßn e-ßn(m - m0)

i=i i .<«
n j=i

(D.2)

(0.3)

Substituting Eqs.D.l and D.2 into the Bayes' relationship

(Eq.C.2)
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where

,,V -ßu' v'-l ßn(m _ j

f(e|y)
— •*—*•* *••* ̂  p c U

r(v')

T u'v' e'ßu' ßvM
 £n

J r(v')
0

-ßu" Ov"-l
6 p

f.-*'»''-1« •
O

u" = u1 + nfin-m )

v" = v1 + n

4* ha /tonnmnna'f'nv* oniial c t n

e-ßn(i-mo)dß

(D.4)

(D.5)

(D.6)

r/u'M1^* / HOIVO tho

HV"

posterior distribution of ß becomes

f.(6) - "
„ „_

r(v")
(D.7)

which is a gamma distribution with parameters u" and v".


