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ABSTRACT

As a first step in analysis of the earthguake
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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CHAPTER 1. Introduction

1.1 Development of Seismic Risk Analysis

The seismic risk analysis for a specific site was

(4)

first developed by Cornell 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 vear 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 earthguakes causing a peak ground acceleration



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

(14,18,26,1)

period) has been used by many authors 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
interval. 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 étructure.

Recently, improvements of all kinds have been tried for
better fitting experimental data, such as the Markov model of

(23)

generation of earthquakes . the guadratic magnitude-fre-

guency law(lg), the general attenuation law(s), 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, an electrical generating and distribution system or a.



socioecconomic region or country(9'2l). 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.S5.R. by Keilis-Borok et al(ls’lG). It is used to

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

(25). An idea of "Pseudo resistance"

developed by Taleb-Agha
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 seismic 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 s0il conditions and estimates of Seismicity, etc. It

(7,10,13) and it has been

has been studied by many authors
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.

l.3 Purpose of the Study

The study is conducted to investigate the seismic risk
of two targets located in a uniform seismic source 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:

" Attenuation Law Structural Resistance

deterministic deterministic
probabilistic deterministic
deterministic probabilistic
probabilistic probabilistic

However, only first two cases are treated in this thesis,
i.é. 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 seismle risk analysis,

The thesis is divided into two major parts. The first
part considers the case of deterministilic attenuation law
and deterministic resistance. The variation of risk with
respect To spacing between two targets 1ls studied. 4
sensitlvity study 1s also made in this part. The second
part of the thesgis 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,

log gN(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

_ a _—Bm

where N(m) gives the mean number of earthquakes with magnitude
greater than m occurring within a unit time, and B is equal
to b-1ln 10. The B value is guite stable from region to region;
for instance B is 1.65 for the Boston area, 1l.38 for the
eastern United States and 2.02 for the whole United States.(s)
Usually in the engineering risk analysis a lower bound mg is
set for earthquake magnitude. Any earthguake with magnitude
smaller than My is not of engineering interest. Thus N(mo)
gives the total number of earthguakes 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 tom, .i.e.,

GM(m>=P[M::m]=1-FM(m)=§%‘3DT = B(mmg) mmg  (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, theén

& relation between magnitude and epicentral intensity must be




to

14

adopted. Here an empirical form suggested by Richter(zz)

is adopted:
M=1+2T1 (4)
3
where IO is the epicentral intensity. Then the complementary

cumulative distribution function of epicentral intensity can

be expressed as
. . 2 (RS T
Grg (i) = P[Igzi] =1 - Fp (i) = e ™ iziy (9)
where GIdUiS the complementary cumulative distribution
function and iy is the lower bound of epicentral intensity.
From equations (4) and (5) we see that B values for
magnitude and epicentral intensity are different. A table

of conversion for B is shown below(27).

Table 1. Conversion Table of B

from D F H J
D 1 1n 10 2/3 (2/3)1n 10
F log e 1 P/3)log e 2/3
H 3/2 (3/2)1n 10 1 1n 10
J (3/2)1og e 3/2 log e 1
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where
>3 = -
1ln N[IO 10] C DIO
log N[I >1o] = FE - FIo
In NIM>m ] = G - HM
log N[M>m ] =1 - JM
and ao= % I+1
The valuves for a and b in equation =@ (1) have been

studied for several regions in the world and for the whole
earth(z). 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(s)
proposed a modified magnitude-frequency relation cénsidering
the existance of an upper bound of magnitude.

-8 (m“mo)

Fy(m) = kpp (L - e ) m,<m<my (6)

—B(ml—mo))-l is a mandatory factor needed to

where kml = (1 - e
normalize the cumulative distribution function to unity at m
equal to my , the maximum possible value 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

(19). Alsc shown

function of magnitude as shown in Figure 4
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 my does not
reflect the true state. However,the wuse of linear magnitude-
frequency law yields a more conservative risk result than
does the guadratic 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
occurrence v per vear. Then the probability distribution of
R, the number of earthquakes of engineering interest (mimo)(3)
is

e-vt (vt)n

pN(n) = i n=0,1,2... (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 occurrence Pyv, where Py is the
probability that site ground motion exceeds y given an earth-
guake occurs, as will be shown in Section 2.4. Thus the
probability distribution of N, the number of earthquakes that

(4)

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

e-Pyvt (vat)n

Py (n) = - n=0,1,2,3 (8)

2.2 Earthquake Source

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. 1In this study a uniform source
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area is agsumed. Here "vniform" means the same rate of
occurrence per unit 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(s), a circular bounded
source area may be defined for each site. We call this area
the circular source area of influence. Any earthguake
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 facceleration,
velocity, displacement or MMI) to earthguake magnitude and

20)

distance between epicenter and the site. Oliveira(“ compiled

the attenuation laws proposed by different authers. The most

common one is that suggested by Esteva(ll).
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bsM _
Y"—"bleszE’

(9)

where bl' b2, b3 are attenuation constants subjected to
estimation over a broad region; Y may be acceleration (cm/sec?),
velocity (cm/sec), or displacement (cm); M is the earthquake
magnitude expressed in Richter's scale; and R is the focal

distance expressed in kilometers. Esteva(l3)

suggested an
empirical modification to the above attenuation law in order to
get a better fit for the recorded data.

b,M -b

20 (R o+ 25) °

(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
ahd 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-
meter vas descriked by modified Mercalli intensity. In this
case the attenuation of earthguake motion is expressed in terms

of MMI(S).
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Isite - Iopicenter R<10 Miles (11)
Toite = C1 * €2 Topicenter ~ C3 1B R
R<10 miles

In using this attenuation law, attention must be paid to use
the correct B value.

The risk analysis is very sensitive to the attenuation
constant b3 {or c3), 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 earthguakes 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’l3).

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-
guakes, and the constants in the attenuation law are the same.
As mentioned earlier in Section 2.1.l1, the maximum magnitude
of an earthquake is finite, say m, . 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 ry 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 ry
is to eliminate part of the source or sources which are
located beyond ry The seismic risk result having an upper
bound my is different from the risk having no upper bound,

depending both upon my 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 m, and resistance y. Here

1



22

equation {(9) is used for attenuation law. The 25 km modifi-
cation factor could be easily incorporated, if naecessary.
By defining attenuation law as

b, -b

— 3
Y = bl e R

and setting upper bound m, resistance vy,

l bzml
- B3 (12)

Figure 6 shows the picture clearly. Suppose a point source 1
is at a distance r away from the site and at an angle § 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,M ~b,
PlY>yl(r,8)] = Plbje © r ~ > y|(r,0)]
b3
= 1 y r
= P[ME_E2 ln"'“"BI"“'—'— |(r,6)] (13)

For the limited magnitude-frequency distribution

-6 (m-mg) '
FM(m) = Kml [l1 - e 1 moimiml (6)
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Combining equation (6) and (13)

b
3
PlY>y [(x,0)] = P[Mz% in YE I(rﬁ )1
- 1
=1-F (X In Yrb3 )
- M b2 b1
b
-6(%— ¥ i mg)
b o]
=1 - Ky [l-e ~2 °1 ]
Y'iyf_Y"
b,m -b
where y' = bl e 270 r 3
b m -b
0 _ 271 3
y' = bl e r
e PlYey [, )] = 1 - Kpp [ - e (y/b1) r 1 Q4)
if my, = ®, then
b -b
Bm gs v 3B
Ply>y{(r,8)] = e r (by) b2 (l4a)

From figure 6 we see that this circular source area of influ-
ence is defined by a focal distance ry or .a horizontal distance
ry2 - doz . 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,©)
is just the ratio of the area of point source i to the

circular source area, i.e.

(Pdg)dpP
T(ry-dg)

Plan earthgquake occurs at i] =

(2 7 _2r

T(rE- d2 ) T (gl a?) (5)

where d <r<ry and 0<6<2mw.

ry 27 r
Dyz P[Yzy]f'/’o 'ﬂ) PlY 2y i(n, B)JWdr‘de

(2’ .y B/b _bﬁ
of P~ fimen 1T B )| iy o0

-4

n
- 2 i k k ﬁ'mo y'ﬂ/bZ u.%i_ﬁ+]]d
_Wd P(1-Km) i, € ( b¢) r r

L]

=(1-km|)+ 2

R B/bz[d bzf“?h (y/de) Bt 2]] 742

dzkm 1 6—2 (16)
b2
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We can see now that the risk Py here is independent of the 8

angle extended by the soqf e. In the above expression
ds “f3 2(1-(ry/do) b Y

V’— JE* { bsﬁ/bz- 2 lis a geometric term. Cornell

and Vanmarcke >) have graphed this geometric term for point

source, line source and for area source. Such graphs greatly
ease the integration for the gecmetric term. In general the
gource 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 earthgquake "occurs with magnitude greater or

equal to m

o as a Poisgon process, then

pgln) = oY 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 earthguakes equal to PyV- A property of the Poisson

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

-p Vvt

valul n
P (n) = & (pyvt) (8)

N nt

. LPIY <y] = P[no events will exceed y]
max— —p. vt
= P[N=0] = e ¥
-p.. vt
Py vl =1-e Y (17)

From equation (17) one can assess the risk of a structure as
-p_ Vvt
acceleration exceeded with l-e <Y © probability during an

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

by
-p_V

- - = - y
P{Y axz_y] = 1 Fymax(y) 1 e (18)

m
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.

1 o

max=>Y]

1 if the risk is low.
PlY pyv
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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
attenuation 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 site. 1In later developments the
probabilistic attenuation law was still limited to the one

site problem(7). Recently Taleb-Agha used a concept of

(25) to study the risk to spatially

"pseudo resistance”
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 scurce 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

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

resistance
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, = y. r. (2¢)

where y; is the resistance of the ith target expressed in
ém/secZ, r, is the focal distance {in Kilometers) between the_
ith target and the point source and b3 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
target has its own pseudo resistance defined by yr 3. This

7(25)

concept 1s shown in Figure . All pseudoc resistances are

then arrang=d in the order cf increasing magnitude:

ol

Ry < R € 4eees < (21)



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 ﬁqsimultaneous1y can be found as follows:

P[Q or more out of N targets fail|an earthquake occurs]=

P[Y2'§q|an earthquake occurs]=P[ Miglg:n%q[earthquake occurs] (22)
where Mj is the earthquake magnitude for point source i. The probability

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

Plexactly Q out of N failing]=P[ Q or more out of N faillan

earthquake occurs]-P[{Q+1) or more out of N fail | 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 e1ement(areaAA1) 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:

.%1?&,
P7=P[Q or more out of N targets fa111ng]=1=]P[M12:Eéln5T|an

earthquake occurs at 1]fyy(xi,yqi)AA4 (23)
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where "fxy (xi,yi)" is the probability density function of

occurrence for point source i and is equal to
1

total area of source

"AAi" 1s 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.
Mzmo) follows a Poisson process then the probability of Q

or more out of N failing within a time period t is:

P[Q or more out of N failing within t]=l-e"\)pf

=vP for low risk (24)

f
where v is the mean rate of occurrence of the earthquakes with
magnitude greater than m, 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. 1In 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



31

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
earthqguakes 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

gource 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 92, when the spacing between two sites in-
creases, the probability of at least one site failing also
increases. This increase 1s due to the increase of potential
source area. But on the other hand the probability that two
sites fail simultanecusly decreases due to the decrease of
intersected area as spacing increases. When the two sites
are sc far apart that the two circular areas are tangent to

each other, then:

Plat least cone fails] P[A fails iU B fails]

PIA fails]+P[B fails]~P[AnB fail]

P[A 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 ( erz—doz } can be found
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 gquick 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. Beéause the
seismicities in source area I and source area II are different,
some‘of the source areas of influence are nc 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 guickly from this figure
that any earthguake occurring in Al will have the possibility
of causing the three sites to fail simultaneously and that
any earthquake occuring in A, or A, will have the possibility
of causing two sites to fail simultanecusly.

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]/Plsingle site fails]
and the abscissa is spacing/radius of circular area. This
radius of circular area (’ryz—do2 ) 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, b2=0.5, b3=l.32,
resistance=100 cm/sec? and m=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%,'eté.) 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(l3)

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

case. They are:

Esteva a = 1260 8 (ry25y72-0 (26)
Donovan a = 1350 e 28 (gy25)71-52 (27)
Donovan a = 1100 M (ry25)~1-32 (28)

where a i1s the ground acceleration (cm/secz), 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 bl was changed from
1100 to 1350, b2 was changed from 0.5 to 0.58 and b3 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, and b;. Small differences in the
estimation of b, or by 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 by- When the value of b, 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 Determinigtic Resistance

In Sec. 3.1, the risk analysils accounts for the
uncertainty in the magnitude of the earthquake, for the
uncertalnty of the earthquake location and the distance
between the site and the source, and for the randomness 1in
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 digpersion is due to the fact that the deterministic
attenuation law does not account for the complexity of the
mechanism of the earthquakes, for the selsmic wave propaga-
fion and for the local soil condition ete. 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) nhas found that the residuals sbout a least
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square fits to InY ( the natural logarithm of the predicted
ground motion'parameter) are approximately normally
distributed.Thilis 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:

b.M -b
Y='|Z)]e2 RB

(29)

where the natural lorarithm ofé is normally distributed with
mean zero and a standard deviation ¢ (of the order of 0.5 to
1.0)(7). However a value of ¢ as low as 0.2 has been used by
Cornell(S), Because of the presence of this additional random
variable(1n€ ), one has to lntegrate over all possible values
of Iné (~coto +oo) in the risk study. As will be shown, the
effect of including this uncertainty term in the risk study
ls an increase in the seismic risk analysils 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 1is

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
source(i.e. with a fixed focal distance) having an exponen-
tial magnitude distribution with an upper bound m; and a lower
bound mp, the probabillty that the ground motion Y will

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

shown as follows( for derivation, see Appendix A):
_ w2y # Z
PlYzylan earthquake occurs)= Km,CD(—) + (1- ki, ) O C5H) +

km[[di‘(%—%‘;—)-cb*(%-—g—)] e2b’e _BE(y) 2 (30)

-1
where km ( —6(m1 mO))

is a normallzing factor

¢(.)is the complementary cumulative distribution

function of a standardized Gaussian distribution,
Z,=Iny - In(b, M <03 )
Zz=Iny-In(b g Mo 03

Next, we shall study the effect which the inclusion of
the uncertainty in the attenuation law has on the risk result,

First we wlll consider the case where there is no upper bound
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on the earthquake magnitude,i.e, mj=co and kml=1. Then, the

probability of equalling of exceeding y can be simplified to:

P{Y >yian earthquake occurs) (Zz) +[’1 CD( ™ )]x

2 .2 b
o 2 xe: 7 PMe r:“éé( ) 5 (31)

By comparison with Equation(lla) one can see that & rfﬁlﬁ-r
is just the probabillity of equalling or exceeding y when the
uncertalnty in the attgpyation law 1s not taken into account
in the analysis. The é%%-term is a penalty term for the
uncertainty and theqiq functions taken into account the effect
of the level of the resistance relative to mg. 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:

the 22

1. If the resistance is high relative to mg, 5

terms in Equation (31) can be neglected without
causling any signiflcant change in the results,

Neglecting the Z?

terms, the effect of including
the attenuatlon law uncertainty in the study is to
give a risk which differs from the seismic risk
result obtained by using the deterministic

2
attenuation law by a factor of é%% as shown 1n

Fig.20.

2, If the resistance is low and the focal distance is
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1 Ry
such that =5 IN=p=- 1is close to mgy, then the
2 |

effect of 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 l,'
as shown in Fig,21, The deterministlic attenuation

law 1is applicable for those cases where y is equal

to or greater thany,, (y. =Db 6‘:'bﬁm0 D3 ). When
the resistance y 1s equal to or smaller than Ymn
the probablilifty of equaling or exceeding y 18 equal
to 1. However, the probabilistic attenuation law
does not have this limitation. As the resistance
y further decreases from ym, , the probabllity of
equalling or exceeding y increases and eventually
reaches unity, This 1s the reason why the probabllis-
tic risk curve in Fig. 21 bends as the resistance
is getting smaller,

3.From the above dilscussion a conclusion can be made:
ignoring the«%l terms in Equation{31) in the risk
analysis glves a conservative result. The upper
limit of the effect ofzgsing the probabilistic

A g
attenuation law is e 20

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
1s studied and, as expected, the effect of using the
probabilistic attenuation law 1s an increase in the risk for
a given design resistance( as shown in Figure 22). For most
g2
of the range of the resistance the eﬁﬁ factor is still a
good and conservative approximation for the effect, as long
as my and mg are not close together (e.g.m1-mp23). In this
truncated case, the effect depends highly on the level of
resistance relative to both my and mp. This can be seen in
Fig.22. The difference between the two results is very great
near the upper bound(dotted 1liné). However, it would be
overconservative and unrealistlic 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 discusslon 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 £ in the attenuation law, the determination
of the ecircular source area of influence can no longer
consider the earthquake magnitude and the resistance alone,
The effect of & must be lncluded, The following equation
applies here: 1
y= (B M ) (32)

As can be seen in Eq.(32), the ry depends on £ . However,

it is found that one has only to consider those sources
bounded by the circle whose radius 1ls determined by using

£ = e in Eq.(32), where n is a finite value and depends
on the value of ¢ and the resistance. Any souce outside this
,‘ﬁj"di 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 ongand on the site resistance. Whend 1s

very small(e.g, 0.02) one can get the same risk results in
splte of whether n=1,2,3,or 4 1s used to determine the
elrcular source area of influence, It is also consistent

that the selsmic risk obtalned by using the probabilistiec
attenuation law with a small ¢ 1s essentially the same as

the risk obtalned by using the deterministic attenuation law.

For large value of ¢ (e.,g.0,5~0.7) or higher resistance
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(e.g.300cm/sec®) a large value of n(e,g.2-5) has to be used

in order to take into account the effect of &€ .

The procedures for the analysis can be stated as follows:

1.Discretlze the source area Into 1 point sources.

2.For each of the i point sources calculate [1—Fy(y)] using
either Eg,(30) or (31), depending on the type of magniltude
distribution used,

BLSum up the [l-Fy(y)] of all discretized point sources within
the source area. |

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 1is;

P[Ymax, zy] == exXp [‘Vt(']_ Fy(y)]g Vt[1_Fy(y)) for low risk

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

A case 1s studied where two sites are located in a
uniform source area, with mp=8.3,mp=4,$=1.65,¢ =0.5and
subsequently 0,2,resistance=100cm/sec? and§3=7x10"6/yr/km2.
The results for the events that at least one site fall 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 conslideration 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 ¢ . At a certain spacing

the probability of at least one site falling will be twice
that probability for two coinciding sifes. The spacing 1is
very close to the spacing that will achieve a similar doubling
of probabllity for the deterministic attenuation law case. In
the case studyé)=e3‘is used to definé the cilrcular 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 gpproximation, 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 faliling 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 glven 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 magnhitude of ¢ and
the level of the site resistance reiative to the upper bound

and the lower bound of the earfthquake magnitude.

3.3 Application

The obJective of seismic risk analysis 1is to provide
valuable Information to decision makers so, provided with
other informatlion, they can make a good decision. This other
information may include initial cost of a project,operating
and maintainance cost,loss of operational funcflon during
repalr of the system;impéct on the community,human life loss

1d the quantiflcation of relationships between fhe before
mentioned factors and the spacing between sites. These are

the main and difficult tasks in the decision making process,

The above study of sgeismic risk(Sec.3.2) can be appliled
to a system of two facilities,such as power generating plants
or water supply system,which will Jocate 1n a uniform source

area, for an economic 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 resultls
studied above. A two-power generating plant system is being
planned for an earthquake prone reglon( uniform source area
in this case). The resistances of these two plants are the
same (e.g. 300 cm/secz). From the seismic risk study one
obtains the informatioﬁ regarding the annual risk of the
event that one plant will fall and the annual risk of the
event that two plants will fall simultaneously for each
different spacing between these two plants, One would also
need information about the loss due to each event, the initlal
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) durling the expected life time T of the system

can be expressed as:

expected cost=(C pld+CopdH+C )] T + Cofold) (33)

where C; 1s the loss due to the event that only one facillty

fails®.

* €1 and Cp depend on the definition of failure
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C2 is the loss due to the event that two facilities

fail simultaneously?

03 is the annual operating-maintainance cost,

Co 1s the initial cost,

pl(d) is the annual seismic risk of only one facility

falls and it can be obtained from the study in Sec,3.2

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

simultaneously,

f1(d) is the relationship which expresses the increase

of operating cost with respect to the distance between

two facllities,.

fg(d) is the relationship which expresses the increase

of initial cost with respect to distance between two

facilities,
In this example C; and Cp are assumed as the total loss(repair
cost,community loss due to the facilitles failure). The
relative welghts for Cp,C;,Cp,and C3 are 2, 200,1000 and 0,001,
respectively. In an actual study these valuezs would have to be
obtained from a hazard study. The same linear relationship was
used here for f£1(d) and.fg(d) because of its simplicity, but
i1t may be unrealistic for an actual study. The quantification
of the relationship between the initial cost and/or operating

cost and the spacing has alsc to be established by a thorough
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study. The seismic risk results for these two facilities
are based on the following informatlon: upper bound of the
epicentral magnitude ml=8.3, lower bound mgp=4, resistances
of the two facilities Re300cm/sec® ,the standard deviation
of the uncertainty term in the attenuation law( =0,2 and

(10)

Donovan's attenuaticn law, The results are plotted in
Fligure 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 Conelusion

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 bp and by, but is less sensitive to
by. The consideration of the uncertainty in the atfenuation
law increases the selsmic risk obtained by using the determi-
nistic attenuation law, The level of the increase depends
on the magnitude of the standard deviation ¢ of the normally
distributed variate 1In€ and the level of the resistance
relative to the upper bound and lower bound of the epicentral
magnitude, When ¢ 1s sﬁall the seismic risk obtained by

using the probabilistic attenuation law is essentially the
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gsame 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 twe spatlially distributed sites with different resistance
for each site, Thus the application of the study in Sec.3.3
can be more versatile, The cost estimafes and the quantificat
lon of certain relationships such as the relationship of the
initial cost and the spacing between sites have to be studied
more thoroughly Iin order to obtain more realistic and accurate

results for the purpose of declslon analysis,
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ANNUAL RISK OF TwO SITES FAILING SIMULTANEOUSLY
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ANNUAL RISK OF AT LEAST ONE SITE FAILING
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FAIL SIMULTANEQUSLY

ANNUAL RISK OF TWO SITES
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syacing = 20 Km

m1= 8-3

m0= LP

R =50 cm/sec2

€ |radius(kim)| P{at least one fail ] | P(both sites fail)
e’ 27 1.85x 107 6.97 x10°
el é1 2.78% 107" 1,15 x107°
e® | 1oy 2.95x 107 1.30 X107
e’ | 166 2.97x 1074 1,32 x 1077
e | 256 2,97x 107 1,32 x107°

g= 0.5

spacing= 100 Km

m= 8.3 mg= 4 B= 300 cm/sec?

TABLE 2 STABILITY STUDY

€ Jradiustkm)| Plat least one fail ) P( both sites fail)
el 215 5.27%x107 3.70x10°2
el | 32 5.32 %1077 374 %1072
e® | ueg 5.32x1077 3.7 %1070
e3 | 729 5.32 x107% 3.7 %107
e 1072 5.32 x107% 3.7 x107°

a= 0.5

TABLE 3 STABTLITY STUDY




76

€ Iradius(km)|Plat least one fail ) P(both sites fail)
] N
e 115 8.82 x1075 5.36x 1070
el 182 9.17x 1073 5.50% 1072
g -3 -3
e 278 9.24x10 5.6 x10
&’ 419 .20 x 107 5.65%107)
g -3 -3
e 624 9.24x10 5.65x%x 10
g = 0.5
spacing = 20 Knm
m= 8.3 mg= 4 R =100 cm/sec?
TABIE 4 STABILITY STUDY
€  |radiuskm) | Plat least one fail ] P(both sites fail)
[§] = -
e 115 1.4 % 1072 1.85x10™%
el 182 1.45x 1072 2.13 x10~%
& 278 1.46x10'2 2.22x10'LP
ej 5] 1.46% 10'2 2.23 xio'“’
7 _ -
e 62l 1.46x 1077 2.23x10°
¢ = 0.5

spacing = 230 Km

m1= 8.3

me= 4

R =100 cm/sec2

TABIE 5 STABILITY STUDY
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€ |radiuskm)| Plat least one fail ) | P both sites fail)
e? 115 3.60x107 1,97 x 107%
et 117 3,60 x 1072 1.97 x 1074
& 119 3,60 x 1072 1,97 x 107%
e’ 122 3.60 x 1072 1,97 x 107
e 124 3.60 x 1072 1.97 x 107

q = 0.02

spacing = 100 Km

m= 8.3 mg=4 R =100 cm/sec?

TABIE 6 STABILITY STUDY

radius(km)|Plat least one fail ) Pl both sites fail)
115 2,50 x 1072 Bo4s x 1070
el 216 2,73 x 1077 5.21 x 107
e? | 386 2,78 x 1072 5.42 x 1072
e 675 2.79 x 1072 5,42 x 1072
e* | 1165 2,79 x 107 5.42 x 107
a =0.7

spacing = 100 Km

m= 8.3 mp=4 R =100 cn/sec?

TABLE 7 STABILITY STUDY
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Appendix A

Derivation of the probability of exceedance for one point

source and one site:

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

frequency law with upper bound m, and lower bound m,,

the following equation applies:

O m<Mg
lognim)= { a-b{m-m,) m<ms my (A1)
0 M2y

\

This implies that the cumulative distribution of

magnitude to have following forms:

(i) My2m Fm(m)=0
() mgememy  Fy(m)=k (1-"M"Mo)) (A2)
(i) m >y Fulm)= 1
(II) Attenuation law: as suggested by Cornell the
probabilistic attenuation law has the form
Y-y MRS g (A3)

where 1nf 1is normally distributed with mean zero and

standard deviation ©
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(III)For a given point source and a given value of 1n& ,
the risk that the site ground acceleration will exceed

level y can be stated as:

PlY >ylearthquake i;Iné&)
=P( b1eb’MR-b3 £ >ylearthquake i ; In€ )

b
= 1T WR°Y _ Int -
PIM > 5 " . learthquake i ;Ing)  (A4)

To find P[Y>y|Earthquake i] we have to integrate through

all positive and negative values of 1n¢ , thus:

0o

PlYzylearthquake | ]fP[Y 2yl earthquake i ; Ing] fin&(lnﬁ)dins Y

-0

where f]ng(kne) IS the probability density function of Ine

2
f (|n£)=-—1———{——1—ex ~ng } (AB)
[ﬂ&' O;nﬂ/ ST 2 D( O’lne )
Let's call 1n = Y for notational convenience.

(e

¥ b
PlY2ylearthquake i}H PiM >LnR2Y - X Jquake i;Ing) fx(x)dx (A7)
] b, b b

[~

The limit of integration (-«,+®) of x has to be broken
into 3 ranges so that correct form of Fy(m) is adopted within

each range.
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b, |
(i) beln quy - < mg F(m)= 0
X 22, (AB)
Mo b
where z;=Iny-In(bje” °R )

b
Dmys i BpY - X< my — R m) (-6 ™)

b b
Zop 2 X 2 2, (Ag)
where z=Iny-In(b 02 b3y
1 Rbay X -
X< z (A10)

o0

T bs ‘
Thus PlY z2y|quake ilsz[M 2-152111 R b,y - xbziqwke i]fx(x)dx

-0

“ b 2 by
=ﬁ1—r—‘ﬂ(—"51in9 =Y. -%)]f)gx)dx{ (-G S - lfoddx

oo Z

Fﬁ Fm(ﬂlnR Y _ ’é )]f (x) dx
22
R Y x ~
]f (x)dxw[ m.ﬁ eﬁ(bm b, b, m°)]fx00dx+®7zzlm)

where @) is the cumulative distribution function of
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z _6_ 1 X
=f2 '] ebix 2 G"' dx
z

o
gt [ X - ‘@b_
i J%Br] Gfij‘f— [ >]

o
. @28 (¢ -0 )£

So the final result is :

P(Y 2y lquake  11=Kpm, O +1-kn) L&) ron 005 - B5)-62- 40
257 3B -
ﬁ—z BMo - Db (_L)%

(A12)
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