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1.

ABSTRACT

As a first step in analysis of the earthquake
safety of lifeline systems, the simplest case
of spatially distributed targets is studied: two
identical targets in a uniform earthquake source
area. The variation of the probability of ex­
ceeding a specified level of shaking (at least
one of the sites or at both sites simultaneously)
with respect to spacing of the targets is analyzed.
Both deterministic and probabilistic attenuation
laws are considered, and a sensitivity study is
performed with respect to the constants of the
attenuation law. As part of this study, a more
accurate treatment is developed regarding the
effect of uncertainty in the attenuation law.
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PREFACE

This is the 18th in a series of reports under the general title
of Seismic Design Decision Analysis. The overall aim of the research
is to develop data and procedures for balancing the increased cost of
more resistant construction against the risk of losses during possible
future earthquakes. The research has been sponsored by the Earthquake
Engineering Program of NSF-RANN under Grant GI-27955X3. A list of
previous reports follows this preface.

This report is identical with the thesis submitted by Mr. Tong
in partial fulfillment of requirements for the degree of Master of
Science. He served as research assistant during the work on this
report. Dr. Whitman is Professor of Civil Engineering and is principal
investigator for the overall study. Dr. Daniele Veneziano, Assistant
Professor of Civil Engineering, and Dr. Ghiath Taleb-Agha, Research
Associate, also contributed significantly to supervision of the work.
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7
CHAPTER 1. Introduction

1.1 Development of Seismic Risk Analysis

The seismic risk analysis for a specific site was

first developed by Cornell (4). The method combined informa-

tion about source geometry provided by geologists, time

occurrence of earthquakes, seismicity (see Section 2.1) of

the region where the site is located and attenuation of ground

motion parameters (ground acceleration, velocity, .displace-

ment or modified Mercalli Intensity) with respect to magnitude

and focal distance provided by seismologists to yield a

probabilistic statement about the earthquake threat at a given

site. Due to the random nature of earthquake occurrence (time

and space) and magnitude of earthquakes, the risk study has to

be done in a probabilistic sense. The result of a seismic

risk study may be expressed in terms of annual risk, i.e. the

probability that a certain level of ground motion will be

exceeded annually or may be expressed in terms of "return

period" for a given value of ground motion. For example, if

a peak acceleration of 0.5 g corresponds to a 100 year return

period, then a ground motion with peak ground acceleration

greater than or equal to 0.5 g will occur on the average once

every 100 years. Another interpretation is that the average

annual number of earthquakes causing a peak ground acceleration
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greater than or equal to 0.5 g at the site is equal to 0.01.

The two above expressions for seismic risk at a site are

shown in Figure 1(26). The latter expression (i.e. return

period) has been used by many authors(14,18,26,1) in pre-

paring a seismic risk map. A typical risk map is shown in

Figure 2(26) which shows contours of equal ground motion para-

meters of a certain return period. Nowadays the seismic risk

is most frequently expressed as acceleration (velocity, MMI,

etc.) exceeded with x% probability during y year exposure

inte·rval. For instance one may state the risk of a structure

as follows: there is a 10% probability that the site ground

acceleration will exceed a certain level for the 100 year

life span of the structure.

Recently, improvements of all kinds have been tried for

better fitting experimental data, such as the Markov model of

generation of earthquakes (23) , the quadratic magnitude-fre­

quency law(19), the general attenuation law(6), and the

Bayesian's approach(12,17) of risk analysis. Yet all the

studies were limited to risk analysis of one specific site.

Recently the interest in safety of nuclear power plants

generated the study on seismic risk of spatially distributed

structures. Spatially distributed structures are not limited

only to power plants; they may include a transportation net­

work, a~ electrical generating and distribution system or a.
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. .. t (9,21)SOCloeconomlC reglon or coun ry . It is of interest to

know what is the risk that Q out of N targets will experience

ground motion exceeding certain levels simultaneously annually

or within a certain exposure time interval. Two programs were

developed to meet this need. The first one was developed in

the U.S.S.R. by Keilis-Borok et al (15,16). It is used to

study risk for distributed targets(24), line object(15), area

object(15) or any combination of these three. The program

can be used for circular or elliptical isoseismal models and

bent magnitude-frequency law. The second program was

developed by Taleb-Agha(25). An idea of "Pseudo resistance"

was introduced in the analysis to obtain the probability that

Q out of N targets fail, where N is the number of targets in

the study and Q can be 1,2,3 ... up to N. It is this second

program that the author used for the study which will be

presented in Chapter 3.

1.2 Sources of Uncertainty in Seismic Risk Analysis

Besides the randomness of earthquake occurrence,

magnitude and focal distance, there are two major sources of

uncertainty which may be of importance in the seisQic risk

analysis. One comes from uncertainty in the attenuation law

and the other from the uncertainty in the resistance of the

targets. The first kind of uncertainty is due to the complex-
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ity of the mechanism of earthquakes, seismic wave propagation,

local soil conditions and estimates of seismicity, etc. It

has been studied by many authors (7,10,13) and it has been

concluded that the natural logarithm of the ratio between

observed ground motion parameters and computed ground motion

parameters is normally distributed. The second kind of un­

certainty (resistance of targets) is due to workmanship of

construction, material of structures, etc. Thus it cannot be

said that a structure will surely collapse once the site

ground motion exceeds a certain level of, say, resistance of

the target. It is of interest to know how much these two

sources of uncertainty would separately or jointly affect the

seismic risk results.

1.3 Purpose of the Study

The study is conducted to investigate the seismic risk

of two targets located in a unifornl seismic sou~ce area. It

is of interest to know how the above two uncertainties would

affect the risk study. There are four possible combinations

of these two kinds of uncertainty in the consideration of

seismic risk study. Each combination may yield a different

annual risk for the probability that at least one target will

fail ("failure" means the event that the site ground acceler-

ation will exceed the resistance) and the probability that two
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targets will fail simultaneously. The four combinations are

as follows:

Att'enuation Law

deterministic

probabilistic

deterministic

probabilist ic

StructuraT Resistance

deterministic

deterministic

probabilistic

probabilistic

However, only first two cases are treated in this thesis,

i.e. to study the level at which the consideration of the

uncertainty of the attenuation law will affect the results

of seismic risk analysis for the two-site case. Finally I

will make recommendation as to whether or not to include

this uncertainty in the seismic risk analysis.

The thesis is divided into two major parts. The first

part considers the case of deterministic attenuation law

and deterministic resistance. The variation of risk with

respect to spacing between two targets is studied. A

sensitivity study is also made in this part. The second

part of the thesis studies the treatment of the probabilistic

attenuation law in combination with deterministic resistance.
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CHAPTER 2

Background for Seismic Risk Study

As mentioned in the last chapter, due to the randomness

of earthquake size, time and space distribution of earthquakes,

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 the source to site, and

the time occurrence of the earthquake. Each of these will be

discussed later.

2.1 Seismicity

2.1.1 Magnitude-frequency law

The seismicity of a region can be considered as

the relationship between the number of occurrences of

earthquakes and their magnitudes in a given time for

that region. This relation is usually expressed as in

Richter's Law,

loglON(m) = a - bm (1)
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where a and b are regional constants and m is earthquake

magnitude expressed in the Richter scale, usually ranging

between 3 and 8.7. From equation 1 follows

(2 )

where N(m) gives the mean number of earthquakes with magnitude

greater than m occurring within a unit time, and a is equal

to b·ln 10. The S value is quite stable from region to region;

for instance B is 1.65 for the Boston area, 1.38 for the

eastern United States and 2.02 for the whole United States. (8)

Usually in the engineering risk analysis a lower bound mo is

set for earthquake magnitude. Any earthquake with magnitude

smaller than mo is not of engineering interest. Thus N(mo )

gives the total number of earthquakes which are of engineering

interest within a unit time. Then the ratio of N(m) to N(mo )

gives the probability that earthquake magnitude will be

greater than or equal to m, .i.e.,

N(m) -S(m-m)
GM(m)=p[M~m]=l-FM(m) = e 0

N (mo~
(3 )

where GM(m) is the complementary cumulative distribution

function of earthquake magnitude. If we try to express the

size of the earthquake in terms of epicentral intensity, then

2. relation between magnitude and epicentral intensity must be
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adopted. Here an empirical form suggested by Richter(22)

is adopted:

2
M = 1 + 3 10 (4)

where 1
0

is the epicentralintensity. Then the complementary

cumulative distribution function of epicentral intensity can

be expressed as

. >'1._1.0 (5)

where GIdi) is the complementary cumulative distribution

function and i o is the lower bound of epicentral intensity.

From equations (4) and (5) we see that S values for

magnitude and epicentral intensity are different. A table

of conversion for S is shown below(27).

Table 1. Conversion Table of S

from D F H J

to
(2/3) InD 1 In 10 2/3 10

F log e 1 (2/3) log e 2/3

H 3/2 (3/2) In 10 1 In 10

J (3/2) log e 3/2 log e 1



where

In N[Io>iol = C - DIo

log N[I >. l = E - FI1
0 0

In N[M >m = G - HM

log N[M >m = I - JM

anJ. a = ~ I + I
3

15

':he \Talt:.es for a and b in equation (1) have been

studied for several regions in the world and for the whole

earth(2). The plot of equation (1) is shown in Figure 3.

An implication from the plot for the whole earth is that

there is an upper bound for earthquake magnitudes. Since

Richter's law for very large magnitudes implies an infinite

energy released by earthquakes, Cornell and vanmarcke(5)

proposed a modified magnitude-frequency relation considering

the existance of an upper bound of magnitude.

m <m<ml
0---; -

(6)

-[3 (ml-m ) -1where kml = (1 - eO) is a mandatory factor needed to

normalize the cumulative distribution function to unity at m

equal to ITl, the maximum possible vaxue of magnitude based on

the geological and seismological data of the region.

The suggestion to use a quadratic magnitude-frequency

law instead of a linear one is based on the fact that the
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quadratic form fits well the observed cumulative distribution

function of magnitude as shown in Figure 4(19). Also shown

in the figure is a plot for the linear untruncated form. It

can be seen that this linear untruncated form overestimates

the occurrence of large events. As for the linear truncated

form, the sharp discontinuity at the upper bound ml does not

reflect the true state. However,the use of Ij.near ~agnitude-

frequency law yields a more conservative risk result than

does the quadratic form. In this study a linear truncated

form is used. For details about quadratic magnitude-frequency

law, see reference 19.

2.1.2 Occurrence of Earthquakes

Generally the number of earthquake occurrences in the

future is a random variable and this randomness of occurrence

has to be incorporated into the seismic risk study. It is

assumed that these events, with magnitude greater than or

equal to m , follow a Poisson process with average rate of
o

occurrence v per year. Then the probability distribution of

~, the number of earthquakes of engineering interest (m>mo ) (3)

is

p~(n) n=O,l,2 ••• (7 )
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Among these major earthquakes only those which cause site

ground motion exceeding y will make contributions to the

seismic risk study. These special events also follow a Poisson

process with average rate of oc~urrence Pyv, where Py is the

probability that site ground motion exceeds y given an earth-

quake occurs, as will be shown in Section 2.4. Thus the

probability distribution of N, the number of earthquakes that

site ground motion will exceed y in a time interval t is(4}

2.2 Earthquake Source

n=O,1,2,3 (8)

In the seismic risk study for either a specific site or

spatially distributed sites, the suspected earthquake source

must be identified. Usually the source may be represented as

a point source, line source (fault) or area source. The point

source is the simplest and most basic case in the risk study.

The area source is used when the occurrence of earthquakes in

a particular region is not associated with a surface fault

and/or insufficient data are available. cornell(5} pointed

out that if the source is about two times the focal distance

away from the site, then the exact shape of the source is not

really of much importance. In this study a uniform source
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area is assu.med. Here "l..:niforn:" means the same rate of

occurrence per uni.t area, the same focal depth, the same

attenuation everywhere. Due to the fact that the major

contribution of seismic risk is from the more frequent,

smaller and closer earthquake sources (5) , a circular bounded

source area may be defined for each site. We call this area

the circular source area of influence. Any earthquake

occurring outside this circular area will not produce a site

ground motion exceeding a certain level. The radius of this

circular area is determined from incorporating the attenuation

law, the upper bound of magnitude in that region, and the

resistance of the target, as will be shown later.

2.3 Attenuation Law

Once an earthquake occurs the ground motion will propa-

gate and attenuate with respect to distance away from the

epicenter. The rate of attenuation depends on the condition of

the ground. For firm ground the earthquake wave attenuates

faster. The attenuation law is a functional empirical formula

relating the site ground motion parameters ~acceleration,

velocity, displacement or MMI) to earthquake magnitude and

distance between epicenter and the site. Oliveira (20) compiled

the attenuation laws proposed by different authors. The most

common one is that suggested by Esteva(ll).
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(9 )

where b l , b 2 , b 3 are attenuation constants subjected to

estimation over a broad region; Y may be acceleration (cm/sec 2 ),

velocity (em/sec), or displacement (em); M is the earthquake

magnitude expressed in Richter's scale; and R is the focal

distance expressed in kilometers. Esteva(13) suggested an

empirical modification to the above attenuation law in order to

get a better fit for the recorded data.

(10)

This constant is added to control the ground acceleration for

a small focal distance. As shown in Figure 5(10), the least

square fits using the two above attenuation laws (equation 9

and 10) for recorded data of the 1971 San Fernando Earthquake.

The one using equation 10 gives a better fit.

For some areas, such as the eastern United States,

because of a lack of recorded data, the ground motion para-

meoter \oras described by modified Hercalli intensity. In this

case the attenuation of earthquake motion is expressed in terms

of MMI(8).
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I. = I .Slte Cplcenter R<lO Miles (11)

I site = Cl + C2 Iepicenter - C3 In R

R<lO miles

In using this attenuation law, attention must be paid to use

the correct S value.

The risk analysis is very sensitive to the attenuation

constant b 3 (or c 3 ), as will be shown in a later section.

When the epicenter is close to the site, the value of the

focal depth becomes very important. As Cornell pointed out,

the seismic risk for one site is contributed to mainly by

those smaller earthquakes and closer sources. That is why

the risk analysis is sensitive to focal depth. In this thesis,

the study is oriented to comparison between the risk of one

and two sites, so the best estimation of focal depth is not

critical. It has been fcund that there is an important

dispersion between the observed ground motion and the predict-

ed one by using the attenuation law in equation (10). This

brought up the study of probabilistic attenuation law(6,13) .

The influence of using probabilistic attenuation law in risk

analysis will be dealt with later.
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2.4 Example

In order to illustrate the seismic risk analysis which

combines the above information, an example of one target

located in a uniform source area will be investigated. Here

"uniform" means that everywhere in this area, the upper and

lower bounds of magnitude, the rate of occurrence of earth­

quakes, and the constants in the attenuation law are the same.

As mentioned earlier in Section 2.1.1, the maximum magnitude

of an earthquake is finite, say mI. Usually this value varies

from 8.3 to 8.7, depending on the tectonics of the region

under consideration. Then in combination with attenuation of

earthquake waves and structural resistance y, a focal dis­

tance r y can be defined. Any earthquake occurring outside this

range will not cause site ground motion exceeding level y.

The effect of limiting study to earthquake sources within r y

is to eliminate part of the source or sources which are

located beyond rye The seismic risk result having an upper

bound ml is different from the risk having no upper bound,

depending both upon ml and upon y.

As a first step in the analysis, a source area must be

defined within this uniform source area by utilizing the

attenuation law, upper bound ml and resistance y. Here
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equation (9) is used for attenuation law. The 25 km modifi-

cation factor could be easily incorporated, if necessary.

By defining attenuation law as

y

and setting upper bound ml , resistance y,

Figure 6 shows the picture clearly. Suppose a point source i

is at a distance r away from the site and at an angle B from

the x-x axis (as shown in figure 6). The probability that site

ground motion will exceed level y given an earthquake occurring

at this point is:

b 2M -b
p[y~yl (r,B)] = p[ble r 3 > yl (r,B)]

P[M>~
b 3

= In y r I (r,B)]
- 2 b l (13 )

For the limited magnitude-frequency distribution

-S(m-m )
[1 e o]FM(m) = Kml - m <m<m

l0- -
( 6)
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Combining equation (6) and (13)

b 3
P [Y>y I(r, 8)] = p [M~2 1n Y~l I(r,8 )]

1
b 3

1 1n yr= - FM(b bl2
b 31 yr mo )-S(E" 1n-- -

= 1 - K [l-e 2 b1 Jm1

y' <y<y"

where

P [Y>y I(r, 8) ]

if m1 = 00 , then

(14)

p [y~y I (r, 8) ] (14a)

From figure 6 we see that this circular source area of inf1u-

ence is defined by a focal distance r y ora horizontal distance

Jry2 - do 2 • If we assume that within this circular source area

any point is equally likely to have an earthquake occur, then
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the probability that an earthquake will occur at point i (r, e)

is just the ratio of the area of point source i to the

circular source area, i.e.

P[an earthquake occurs at i] = (Pd0)dP
TT ( rl- d~ )

=
( 1 2 r

2 Jr 2
- d~

1T( r/ - d~ )

) clr dS
r drde

(15 )

where do<r~ry and O<e<2TI.

. lry (ZIT r
.. Py = p[ Y?y) = do J

O
pry ?yl (r; 8)) 11"( rj- d~) clrde

"'rG ~ (2TTf [1 (3mo( y -)13/b2 - b
3b(3J} r deJ(dr:J( l-km, -e 'bl r 2 'I(r/-d~)

do 0

(16)
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We can see now that the risk Py here is independent of the e

angle extendedbby the source. In the above expression
_--=--~2_ [ do-~~t2D-(rrldor~+2JJ .

v2 d2 / - - - 1S a geometric term. Cornell
ry - 0 b3 ~ P2 - 2

and vanmarcke(5) have graphed this geometric term for point

source, line source and for area source. Such graphs greatly

ease the integration for the geometric term. In general the

source area or line source is discretized into a number of

point sources. The risk contributed from each point source is

studied and finally all the contributions are summed up. This

strategy has its advantages when the computer is utilized.

The above discussion gives only the probability that the

site ground motion will exceed a certain level y. NoW we

should consider the time occurrence of the earthquake. By

assuming that the earthquake-occurs with magnitude grea~er or

equal to mo as a Poisson process, then

p~(n) (7)

where v=(number of earthquakes per year per unit area) x

(circular area). Among these earthquakes which occur within

one year we are only interested in those events which cause

site ground motion exceeding y, with the rate of occurrence

of these earthquakes equal to Py·y. A property of the Poisson

process is that the event having rate of occurrence PyV is
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still a Poisson process(13). Thus,

-p vt
= e Y(pyvt)n

n!
(8 )

••• P [Y <y] =
max- P[no events will

-p vt
= P[N=O] = e Y

-p vt
= 1 - e Y

exceed Y]

(17)

From equation (17) one can assess the risk of a structure as
-p vt

acceleration exceeded with l-e Y 0 probability during an

exposure interval of to years. One can also find annual risk

by
-p v

P[Ymax>Y] = 1 - Fymax(Y) = 1 - e Y (18)

If pyv is small, then the annual risk is approximately equal

to Pyv. The average annual return period T of ground motion

level y equals the reciprocal of the probability that the

annual Ymax exceeds y, i.e.

T
1 1 if the risk is low.
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CHAPTER 3

Seismic Risk study for a Two Site Case

In this chapter the risk study for two sites located in

a uniform source area is conducted for: (a) deterministic

a~tenuation law and deterministic resistance and (b) probabil­

istic attenuation law and deterministic resistance. The first

development of engineering seismic risk analysis gave only

the risk of a specific ~ite. In later developments the

p~obabilistic attenuation law was still limited to the one

site problem(?). Recently Taleb-Agha used a concept of

"pseudo resistance" (25) to study the risk to spatially

distributed t.argets. This scheme enables one to find the

probability of Q out of N targets failing. The model of the

earthquake source could be either a line source or a source

area. In Section 3.2 the study focused on the probabilistic

attenuation law. The effect of taking into account the un­

certainty of the attenuation law in the risk study is to

increase the risk (for a given design resistance). The mag­

nitude of this effect depends on the standard deviation of this

uncertainty term and other factors.
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3.1 Risk Study Using Deterministic Attenuation Law and

Deterministic Resistance

The most important idea used in studying the seismic risk

to a system of spatially distributed targets is "pseudo

resistance(25)". This treatment is based on the study of a

point source. Thus, either a linear source or a source area

must first of all be discretized. For a point source and a

system of spatially distributed targets, the pseudo resistance

for each target is defined as follows:

R.
1

(2C)

where Yi is the resistance of the ith target expressed in

2cm/sec , r. is the focal distance (in Kilometers) between the
1

ith target and the point source and b 3 is the attenuation

constant for the region under consideration. By doing so the

problem is then modeled by a system of targets on a circle of

one kilometer radius surrounding the point source. Each
b 3target has its own pseudo resistance defined by yr . This

concept is shown in Figure 7(25). All pseudo resistances are

then arranged ill the oreer of increasing magnitude:

(21)
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Thus,if an earthquake occurs at the point source,the probability

that Q or more out of N targets will experience ground motion exceeding

a certain level Rqsimultaneously can be found as follows:

P[Q or more out of N targets fail Ian earthquake occurs]=
- 1 R

P[Y~'Rqlan earthquake occurs]=P[ Mi~~ln~learthqUake occurs] (22)
b2 u,

where Mi is the earthquake magnitude for point source i. The probability

of exactly Q out of N failing is then given by:

P[exactly Qout of N failing]=P[ Q or more out of N fail Ian

earthquake occurs]-P[(Q+l) or more out of N fail I an earthquake

occurs]

As mentioned earlier,this scheme is limited to a point source. For a

source area, the area has to be discretized into point sources. In this

program the discretization is carried out by using triangular element.

Each triangular element(areaAAi) is then modeled by a point source at

the center of gravity of the triangular element. Here we assume that it

is equally likely for an earthquake to occur at any point within this

source area. The probability density function of occurrence is then

defined as 1/ Total area of the source. Thus the probability of Q or

more out of N targets failing,given the source area, is:

m -
Pf=P[Q or more out of N targets failing]=~ P[Mi~~ ln~lan

i=l 2 1
earthquake occurs at i]fxy(xi,Yi)aAi (2~
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where"f (x.,y.)" is the probability density function ofxy 1 1

occurrence for point source i and is equal to

1

total area of source

"llAi" is the element area of point source i

"EQ" is the total number of point sources within the

discretized source area.

If we assume that the occurrence of major earthquakes (i.e.

M>mo ) follows a Poisson process then the probability of Q

or more out of N failing within a time period tis:

P[Q or more out of N failing within t]=l-e-vPf

for low risk (24 )

where v is the mean rate of occurrence of the earthquakes with

magnitude greater than mo for a given source area within a

unit time.

Based on the above reasoning, a study was made for the

two-site problem to investigate the change of the seismic

risk with respect to the spacing between the two sites.

Later a sensitivity study was made to investigate the in-

fluence of those parameters which were used in the seismic

risk study. In the study done in this thesis a uniform source

area was assumed and was modeled by a circular area of

influence defined by using the attenuation law and maximum

earthquake magnitude of that source area as was done in
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Section 2.4. For each of the two sites a separate circular

area of influence is found as shown in Figure 8. Any earth­

quake occurring outside this region cannot cause the site

ground motion to exceed a certain level y. Only those

earthquakes which occur within the intersected area (1-2-3-4)

can possibly cause the two sites to fail simultaneously

depending on the magnitude generated by an earthquake. This

concept provides a quick check on whether both targets will

fail simultaneously as will be shown later in a more general

case. In this study the same resistances are assumed for

both targets.

To prepare the input data, the above source area of

influence can be approximated in the following two ways. The

more accurate but more tedious way is to approximate the area

by a polygon. The second one and more time-saving way is to

approximate the source area by a circumscribing rectangle

(as shown in Figure 8). The effects of using a bigger

rectangular source area are: (1) an increase in the rate of

occurrence for this rectangular area; (2) a decrease in the

probability density function of occurrence. However, these

two effects cancel each other. It was observed that the

risks obtained using these two approximations to model the

source area are the same.
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For a given set of information about seismicity,

attenuation law, resistance, etc., the seismic risk results

were plotted from the computer output, Figures 9,10,11. As

shown in Figure 9, when the spacing between two sites in­

creases, the probability of at least one site failing also

increases. This increase is due to the increase of potential

source area. But on the other hand the probability that two

sites fail simultaneously decreases due to the decrease of

intersected area as spacing increases. When the two sites

are so far apart that the two circular areas are tangent to

each other, then:

Peat least one fails] = peA fails U B fails]

= peA fails]+P[B fails]-P[AOB fail]

= peA fails]+P[B fails]

= 2P[A fails]=2P[two fail as

spacing equals to

zero] (25)

This can be seen at point I in Figure 9. At this stage the

failure events of A and B are independent of each other.

Any earthquake occurrence will influence only one site

(either A or B), and nothing more. The probability that the

two sites will fail simultaneously at this spacing becomes

zero as shown in Figure 11.
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From the above results we can learn that once the

maximum epicentral magnitude of a region and the attenuation

law are known, a circular radius ( l r 2-d 2 ) can be found,J y 0

as discussed above and when the spacing between two sites is

two times this radius, there is no risk of these two targets

failing at the same time. This reasoning can be applied in a

more general sense to provide a quick check for the problem

involving spatially distributed sites. For example, take the

case of a three-site system located in two different uniform

source areas, as shown in Figure 12. One can draw a circular

area of influence for each of the three sites. Because the

seismicities in source area I and source area II are different,

some of the source areas of influence are no longer bounded

simply by a circle. As shown in Figure 12, the dashed and

dotted circular arcs define the area of influence for site

3, the solid line circular arcs, define the area of influence

for site 2, and the dashed circular arcs define the area of

influence for site 1. One can tell quickly from this figure

that any earthquake occurring in Al will have the possibility

of causing the three sites to fail simultaneously and that

any earthquake occuring in A2 or A3 will have the possibility

of causing two sites to fail simultaneously.

The seismic risk results for the two site case are

presented in a set of normalized curves in Figure 13. The
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ordinate is P[two fail simultaneously]/P[single site fails]

and the abscissa is spacing/radius of circular area. This

radius of circular area (Jry
2-do

2 ) is determined by the

attenuation law, structure resistance and upper bound of

magnitude as mentioned above. Shown in Figure 13 is a set

of curves for B = 1.65, bl=llOO, b 2=0.5, b 3=1.32,

resistance=lOO cm/sec2 and ml=6.0 to 8.3. From this kind of

curve one can determine how much the spacing should be in

order for the probability of two sites failing simultaneously

to be equal to a certain percentage (say 1%, 5%, etc.) of

the probability of two sites failing simultaneously at a

spacing of zero (i.e. probability of a single site failing).

Three different attenuation laws suggested by Esteva(13)

and Donovan(lO) were used in the risk study for the two site

case. They are:

Esteva a = 1260 eO. 8M (R+25)-2.0 (26)

Donovan a = 1350 eO. 58M (R+25)-1.52 (27)

Donovan 1100 0.5M (R+25)-1.32 (28)a = e

where a is the ground acceleration (cm/sec 2 ), M is the

earthquake magnitude (Richter scale) and R is the focal

distance (Kilometers). The seismic risk results obtained by

using these three different attenuation laws are plotted in

Figures 14 and 15 for the event of at least one site failing
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and for the event of two sites failing simultaneously. In

Figure 16 the results obtained by using the different

attenuation laws are normalized as was done for Figure 13.

As can be seen in Figures 14 and 15, all three results are

different. The result in which Esteva's attenuation law is

used gives the lowest risk. A sensitivity study was then

made in order to determine which attenuation law constants

are more important in the seismic risk analysis of a two­

site system. In this sensitivity study b l was changed from

1100 to 1350, b 2 was changed from 0.5 to 0.58 and b 3 was

changed from 1.32 to 1.52. Seismic risk results using these

different constants are plotted in Figures 17 and 18 for the

events of one site failing and two sites failing, respective­

ly. Figure 19 shows the set of normalized curves of this

study. The results show that the risk for both events are

very sensitive to b 2 and b 3 . Small differences in the

estimation of b 2 or b 3 for the region under study could cause

a significant difference in the result of seismic risk.

However, as shown in the graphs the risk is less sensitive

to b l . When the value of b 3 is relatively large, the main

contribution to the risk is from closer sources, i.e. the

circular area of influence is small. Thus, in this case the

estimation of focal depth is very important , because the

focal distance is greatly influenced by the value of the
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focal depth when the sources are close to the site.
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3.2 Seismic Risk stUdy for Probabilistic Attenuation Law

and Deterministic Resista.nce

In Sec. 3.1, the risk analysis accounts for the

uncertainty in the magnitude of the earthquake,for the

uncertainty of the earthquake location and the distance

between the site and the source, and for the randomness in

the rate of the earthquake occurrences. A deterministic

attenuation law was used in Sec. 3.1. This deterministic

attenuation law is assumed as a functional relationship

between the site ground motion parameter on one hand and the

earthquake magnitude and distance on the other hand. In fact,

there is only a crude correlation between the variables. There

is a significant scatter of the observed data about the

values predicted by using this deterministic attenuation law.

This dispersion is due to the fact that the deterministic

attenuation law does not account for the complexity of the

mechanism of the earthquakes, for the seismic wave propaga­

tion and for the local soil condition etc. The uncertainty due

to these factors will be represented by a random variable in

the treatment of the risk study, as it is important to study

the influence of this uncertainty in the seismic risk analysis.

Esteva(12) has found that the residuals about a least
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square fits to InY ( the natural logarithm of the predicted

ground motion parameter) are approximately normally

distributed. This implies that the uncertainties due to the

factors mentioned above are contributed in a multiplicative

manner. Thus the deterministic attenuation law can be replaced

by one containing an additional term(i.e. the probabilistic

attenuation law). In this probabilistic attenuation law the

following relationship among the ground motion parameter Y,

the earthquake magnitude M and the distance R applies:

(29)

where the natural lorarithm of~ is normally distributed with

mean zero and a standard deviation ~ (of the order of 0.5 to

1.0)(7). However a value of Q as low as 0.2 has been used by

Cornell(8). Because of the presence of this additional random

variable(lne ), one has to integrate over all possible values

of Inc, (-00 to +00) in the risk study. As will be shown, the

effect of including this uncertainty term in the risk study

is an increase in the seismic risk analysis for a given

resistance. Thus, the design level of the resistance has to

be raised in order to maintain a given risk.

As mentioned before, in automated computation it is

easier and more versatile for the risk analysis to first
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reduce the source area into discrete point sources. Then,

each point source is treated independently and finally all the

contributions are summed. Thus,in the study of a seismic

risk which takes the uncertainty term in the attenuation law

into account, we still use point sources as the base of study.

The advantage of doing this will be seen later. For a point

sourceCi.e. with a fixed focal distance) having an exponen-

tial magnitude distribution with an upper bound ml and a lower

bound rna, the probability that the ground motion Y will

exceed the resistance y, given that an earthquake occurs, is

shown as follows ( for derivation. see Appendix A):

(30)

is a normalizing factor

~(.)is the complementary cumUlative distribution

function of a standardized Gaussian distribution.

z, = Iny - In( b, eb2ml r-b3 )
Z2= Iny-In (bl e b3mo r-b3 )

Next, we shall study the effect which the inclusion of

the uncertainty in the attenuation law has on the risk result.

First we will consider the case where there is no upper bound
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on the earthquake magnitude,i.e. ml=oo and kml=l. Then, the

probability of equalling of exceeding y can be simplified to:

PrY?ylan earthquake occurs) =¢*~~2) +[ 1-¢*(~2 - @~ )J X

~2 ~ 1L
e 2 b~ e(3mo r b2~Y ~ b2 (31)

bl ~m" _111~ _ fa
By comparison with Equation(14a) one can see that e r P;-(-i;-) 1;

is just the probability of equalling or exceeding y when the

uncertainty in the attenuation law is not taken into account
~

in the analysis. The e2~ term is a penalty term for the

*uncertainty and the <1)(.) functions taken into account the effect

of the level of the resistance relative to mo. Two examples

of the point source case are studied and the results are

presented in Figures 20 and 21. Several remarks can be made

regarding these studies:

1. If the resistance is high relative to mo ' the .~

terms in Equation (31) can be neglected without

causing any significant change in the results.

Neglecting the ~ terms, the effect of including

the attenuation law uncertainty in the study is to

give a risk which differs from the seismic risk

result obtained by using the deterministic
@2.~2

attenuation law by a factor of e 2:2 as shown in

Fig.20.

2. If the resistance is low and the focal distance is
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1 Rb3 Yb2 1n bl is close to ma , then the

using the probabilistic attenuation law

is negligible and the ratio of the risk due to the

probabilistic attenuation law to that due to the

deterministic attenuation law is roughly equal to 1,

as shown in Fig.21. The deterministic attenuation

law is applicable for those cases where y is equal

( b b2mO -b3 )
to or greater than Ymin Y""in= I e r . When

the resistance y is equal to or smaller than Ymin

the probability of equaling or exceeding y 1s equal

to 1. However, the probabilistic attenuation law

does not have this limitation. As the resistance

y further decreases from Ymin , the probability of

equalling or exceeding y increases and eventually

reaches unity. This is the reason why the probabilis-

tic risk curve in Fig. 21 bends as the resistance

is getting smaller.

3.From the above discussion a conclusion can be made:

ignoring the ~2 terms in Equation(31) in the risk

analysis gives a conservative result. The upper

limit of the effect of using the probabilistic
~

attenuation law is e~:26f

If the truncated magnitude distribution is considered
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in the study, Equation(30) should be applied to find the

probability of equalling or exceeding y. Again an example

is studied and, as expected, the effect of using the

probabilistic attenuation law is an increase in the risk for

a given design resistance( as shown in Figure 22). For most

~of the range of the resistance the e 2b, factor is still a

good and conservative approximation for the effect, as long

as ml and rna are not close together (e.g.ml-mO~3). In this

truncated case, the effect depends highly on the level of

resistance relative to both ml and mO. This can be seen in

Fig.22. The difference between the two results is very great

near the upper bound(dotted line). However, it would be

overconservative and unrealistic to make any conclusion from

this part of the result, where the risk result obtained by

using the probabilistic attenuation law is 20 or 30 or even

more times that obtained by using the deterministic attenuation

law.

The above discussion on the probabilistic attenuation

law was focused on the case of one fixed point source and one

site. This point source study enables the computer pragram

used in Sect.3.1 to treat the uncertainty in the attenuation

law for a spatially distributed system located in a uniform
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source area by simply modifying a subroutine. Because there

is an extra term t in the attenuation law, the determination

of the circular source area of influence can no longer

consider the earthquake magnitude and the resistance alone.

The e ffe ct of E, must be included. The following equation

applies here:

(32)

As can be seen in Eq.(32), the r y depends on G . However,

it is found that one has only to cons~der those sources

bounded by the circle whose radius is determined by using

e= en <f in Eq. (32), where n is a finite value and depends

on the value of U and the resistance. Any souce outside this

Jny2 - d2
0 boundary does not contribute significantly to the

site risk. As can be seen from Tables 2,3,4,5,6, and 7 this

n value depends on oand on the site resistance. When cr is

very small(e.g. 0.02) one can get the same risk results in

spite of whether n=1,2,3,or 4 is used to determine the

circular source area of influence. It is also consistent

that the seismic risk obtained by using the probabilistic

attenuation law with a small 6 is essentially the same as

the risk obtained by using the deterministic attenuation law.

For large value of G (eog.0.5~0.7) or higher resistan~e
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(e.g.300cm/sec2 ) a large value of n(e.g.2-5) has to be used

in order to take into account the effect of e .

The procedures for the analysis can be stated as follows:

l,Discretize the source area into i point sources.

2.For each of the i point sources calculate [l-Fy(y)] using

either Eq. (30) or (31), depending on the type of magnitude

distribution used,

3.Sum up the [l-Fy(y)] of all discretized point sources within

the source are a.

4.For this specific source area, the risk that in the time

period t the maximum peak ground motion parameter at the

site will exceed y is:

5.Sum ~he contributions of the risk from other sources,if any,

A case is studied where two sites are located in a

uniform source area, with ml=8.3 ,mO=4, 13 =1.65, (] =0, 5and

subsequently 0.2 ,resistance=100cm/sec2 and V=7XIO-6/yr/km2 .

The results for the events that at least one site fail and

that two sites fail simUltaneously are plotted in Fig.23 and

24. In the figures the results obtained from using the
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deterministic attenuation law are also plotted for comparison.

As shown in Fig. 23 the consideration of the uncertainty in

the attenuation increases the probability of at least one

site failing for a given resistance and the level of the

increase depends on the value of 0 . At a certain spacing

the probability of at least one site failing will be twice

that probability for two coinciding sites. The spacing is

very close to the spacing that will achieve a similar doubling

of probability for the deterministic attenuation law case. In

the case study £ =e 3(fis used to define the circular source

area of influence. The potential earthquake source is

modeled by a rectangle as was done in Sec.3.1. However, in

using this rectangular area approximation, small segments

of the source area which are excluded from the circular area

are now included in the rectangular area. These sources,

although contributing insignificantly to the risk,make the

probability of two sites failing simultaneously nonzero even

though the distance between the two sites is such that the

two circular source areas are separated from each other, as

shown in Fig. 24. One can also see from this figure that for

a given annual risk of two sites failing simultaneously, the

probabilistic case needs a larger spacing between the two

sites.
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The conclusion from the above study is that the uncertain­

ty term in the attenuation law should always be included in

the risk study. The influence of considering this uncertainty

term on the risk result depends on the magnitude of a and

the level of the site resistance relative to the upper bound

and the lower bound of the earthquake magnitude.

3.3 Application

The objective of seismic risk analysis is to provide

valuable information to decision makers so, provided with

othe:r information, the:l can make a good decision. This other

information may incll1de initial cost of a projeet , ope l>ating

and maintainance cost,loss of operatioDal function during

repair ,of the system,impact on the community,human life loss

and the quantification of relationships between the before

mentioned factor13 ,and the spacing between sites. These are

the main and eli ffieult tasks in the de ciBion making proces s.

The above study of seism:i.c risk(Sec.3.2) can be applied

to a system of two facilities,such as power generating plants

or water supply system,which 1'1111 locate 1n a unlform source

area, fo!"' an economtc study of the system such as a benefit/
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loss study and for decision making.

The following example is intended to give a crude

description of a possible application of the risk results

studied above. A two-power generating plant system is being

planned for an earthquake prone region( uniform source area

in this case). The resistances of these two plants are the

same(e.g. 300 cm/sec2 ). From the seismic risk study one

obtains the information regarding the annual risk of the

event that one plant will fail and the annual risk of the

event that two plants will fail simultaneously for each

different spacing between these two plants. One would also

need information about the loss due to each event, the initial

cost, the operating cost, the relationship between the initial

cost and the spacing ,and the relationship between the opera-

ting cost and the spacing. After obtaining all the information,

the expected cost( ignoring discounting of future costs to

present cost) during the expected life time T of the system

can be expressed as:

where Cl is the loss due to the event that only one facility

fails*.

* Cl and C2 depend on the definition of failure
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C2 is the loss due to the event that two facilities

fail simultaneously~

C3 is the annual operating-maintainance cost.

Co is the initial cost.

Pled) is the annual seismic risk of only one facility

fails and it can be obtained from the study in Sec.3.2

P2(d) is the annual seismic risk of two facilities fail

simultaneously.

fled) is the relationship which expresses the increase

of operating cost with respect to the distance between

two facilities.

f 2 (d) is the relationship which expresses the increase

of initial cost with respect to distance between two

facilities.

In this example Cl and C2 are assumed as the total loss(repair

cost,community loss due to the facilities failure). The

relative weights for CO,c l ,C2 ,and C3 are 2, 200,1000 and 0.001,

respectively. In an actual study these values would have to be

obtained from a hazard study. The same linear relationship was

used here for fled) and f2(d) because of its simplicity, but

it may be unrealistic for an actual study. The quantification

of the relationship between the initial cost and/or operating

cost and the spacing has also to be established by a thoro~gh
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study. The seismic risk results for these two facilities

are based on the following information: upper bound of the

epicentral magnitude ml =8.3, lower bound mO=4, resistances

of the two facilities R-300cm/sec 2 ,the standard deviation

of the uncertainty term in the attenuation law (f =0.2 and

Donovanfs(lO) attenuation law. The results are plotted in

Figure 25. One can see that the optimal spacing in this

example is 30 km. At this spacing, the total expected cost

will be at a minimum.

3.4 Conclusion

In Sec. 3.1 it was found that the seismic risk study

for a spatially distributed system is very sensitive to the

attenuation law constants b2 and b 3 , but is less sensitive to

bl . The consideration of the uncertainty in the attenuation

law increases the seismic risk obtained by using the determi­

nistic attenuation law. The level of the increase depends

on the magnitude of the standard deviation 6 of the normally

distributed variate In0 and the level of the resistance

relative to the upper bound and lower bound of the epicentral

magnitude. When 0 is small the seismic risk obtained by

using the probabilistic attenuation law is essentially the
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same as that obtained by using the deterministic attenuation

law. The computer program used in the study has the capability

of dealing with more general cases, such as a system of more

than two spatially distributed sites with different resistance

for each site. Thus the application of the study in Sec.3.3

can be more versatile. The cost estimates and the quantificat~

ion of certain relationships such as the relationship of the

initial cost and the spacing between sites have to be studied

more thoroughly in order to obtain more realistic and accurate

results for the purpose of decision analysis.
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( radius(krrV p[ at least one fail) p( both sites fail)

eO 1. 85 x 10-4 -4
27 6.97 x10

e1
61 -4 -52.78 x 10 1.15 x10

e 2
104 2.95 x 10-4 1.30 x 10-5

e 3 166 2.97x 10-4 -51.32 x 10

e4
256 2.97x 10-4 -51.32 x 10

<f= 0.5

spacing= 100 Km

m1= 8.3 mo= 4 R= 300 cm/sec2

TABLE 2 STABILTI'Y STUDY

( radius(km) Peat least one fail ) p( both sites fail)

eO -2 -2
215 5.27x10 3.70 x 10

e1
326 -2 -2

5.32 x 10 3.74 x 10

e2
489 -2 -2

5.32 x 10 3.74 x 10

e3 -2
3.74 x 10

-2
729 5.32 x 10

e 4
1072 -2 -25.32 x 10 3.74 x10

0= 005

spacing = 20 Km

m1= 8.3 mo= 4 R = 50 cm/sec2

TABLE 3 STABILITY STUDY
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f radius(km) prat least one fai I ) P(botll sites fail)
eO 115 8.82 x10-) 5.)5x 10-)

e1 182 9.17x10-) 5.59 x 10-)

e
2

278 9.24 x 10-) 5.64x 10-)

eJ
419 9.24 x 10-) 5.65 x 10-)

4
624 9.24 x 10-) 5.65 x 10-)e

<l = 0.5

spacing = 20 KIn

m1= 8.) mo= 4 R = 100 cm/sec2

TABLE 4 STABILITY STUDY

€ radius(km) Plat least one fai I ) P(both sites fail)

e
U

115
-2 -41.41 x 10 1.85 x 10

e1 182 1.45 x 10-2 2.1) x10-4

e2
278

-2 -4
1.46 x 10 2.22 x 10

eJ
419

-2 -41.46 x 10 2.2)x10

e
4

624 -2 -41.46x 10 2.2) x 10

o = 0.5

spacing = 2)0 Km

m1 = 8.) mo= 4 R = 100 cm/sec2

TABLE 5 STABILITY STUDY
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( radius(km) P(at least one fail J P[ both sites fai IJ

eO 115 3.60x10-3 1.97 x 10-4

e1
117 3.60 x 10-3 1.97 x 10-4

e2
119 3.60 x 10-3 1.97 x 10-4

e3 122 3.60 x 10-3 1.97 x 10-4

e4
124 3.60 x 10-3 1.97 x 10-4

cr = 0.02

spacing = 100 KIn

m1= 8.3 mo= 4 R = 100 cm/sec2

TABLE 6 STABILITY STUDY

f radius(km) P(at least one fail] P[ both sites fail}

eO 115 2.50 x 10-2 4.45 x 10-3

e 1
216 -2 5.21 x 10-32.73 x 10

e 2
386 -2 5.42 x 10-32.78 x 10

e 3 675 -2 5.42 x 10-32.79 x 10

e 4
1165 -2 5.42 x 10-32.79 x 10

c( =0.7

spacing = 100 Km

m1= 8.3 mo= 4 R = 100 cm/sec2

TABLE 7 STABILITY STUDY
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Appendix A

Derivation of the probability of exceedance £or one point

source and one site:

(I) Magnitude-frequency law: for a linear magnitude­

frequency law with upper bound ml and lower bound mo '

the following equation applies:

log n(m)=

o

a -be m - m o )

o

(A1 )

This implies that the cumulative distribution of

magnitude to have following forms:

(II) Attenuation law:

FM(m) =0

F
M

(m)=k
tn,

(1-e,8(m-mo) )

as suggested by Cornell the

(A2)

probabilistic attenuation law has the form

(A3)

where Inc is normally distributed with mean zero and

standard deviation 0
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(III)For a given point source and a given value of InS

the risk that the site ground acceleration will exceed

level y can be stated as:

pry .?y learthquake i ; In E)
b2M -b3 .=p( b1e R E ~ Y learthquake I ; In ~ )

=p[ M >_1_ ln R
b3

Y In £ learthquake i ; In £) (A4)
- b2 b1 b 2

To find P[Y~yIEarthquake i] we have to integrate through

all positive and negative values of In£ , thus:

P(Y?yl earthquake i J{iry zyl earthquake i; InE) i1ni1nE)dlnE ~0

where ~m:(lntJ is the probability density function of In£

Let's call In = X for notational convenience.

The limit of integration (_00,+00) of x has to be broken

into 3 ranges so that correct form of FM(m) is adopted within

each range.



(AS)

where

Z2 ~ X ~ z,

where z,=lny-ln(b, eb2m, R- b3 )

b3

(iii)_1_ ln R y - ~>m1----,h:M(m)= 1
. b2 b1 b2 -

x< z,

(A9)

(A10)

where ¢*(.) is the cumulative distribution function of



8.4

standardized Gaussian d istri buti 0 n rt>1 ~)=JiTT);e+x
2

dx .
(J

So the final result IS:



85

Appendix B

List of Figures . page

Figure 1

Figure 2

Figure 3

Figure 4

Figure 5

Figure 6

Figure 7

Figure 8

Figure 9

Figure 10

Figure 11

Figure 12

Figure 13

Figure 14

Figure 15

Figure 16

Figure 17

Figure 18

Seismic Risk Curve

Seismic Risk Map for 1000 Yr.

Return Period

Mean Yearly Number of Earthquakes

of Magnitude Greater Than M for

Different Regions

Frequency Magnitude Relationship

Least Squares to Peak Ground

Accelerations

Source-Site Geometry

Spatially Distributed System

Modeling of Uniform Source Area

Risk Curve of Two Site Case

Risk Curve of Two-Site Case

Risk Curve of Two-Site Case

General Source-Site Geometry

Normalized Risk Curve

Sensitivity Study

Sensitivity Study

Normalized Risk Curve

Sensitivity Study

Sensitivity Study

51

52

53

54

55

56

56

57

58

59

60

61

62

63

64

65

66

67



86

Page

Figure 19 Normalized Risk Curve 68

Figure 20 Risk Curve 69

Figure 21 Risk Curve 70

Figure 22 Risk Curve 71

Figure 23 Seismic Risk Curve of Two-Site Case 72

Figure 24 Seismic Risk Curve of Two-Site Case 73

Figure 25 Cost Bene fi t Analysis 74



87

Appendix C

. List of T·abTes . Page

Table 1 Conversion Table of (3 14

Table 2 Stability Study 75

Table 3 Stability Study 75

Table 4 Stability Study 76

Table 5 Stability Study 76

Table 6 Stability Study 77

Table 7 Stability Study 77




