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FOREWORD

This report represents the result. of a study on the evaluation

of the seismic safety of the Diab'lo Canyon nuclear power plant, performed

by N. l1. Newmark Consulting Engineering Services for the U.S. Nuclear

Regula tory Commi ss ion.

References to some of the material and publications were provided

by Dr. W. J. Hall during the course of the study. The analysis of the

seismic t.azard was performed with the assistance of Dr. A. Der-Viureghian.
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A PROBABILISTIC SEISHIC SAFETY ASSESSHEIlT OF

THE DIABLO CANYON HUCLEAR PO>IER PLAIIT

by

A. H-S. Ang and I~. II. I'mark

I. Introduction

1.1 Backqround and Description. of Problem

This study is a quantitative evaluation of the levels of safety

of certain critical components or subsystems of the Diablo Canyon Huclear

Power Plant facility against seismic hazards. Specifically, safety is

assessed in terms of the respective probability of damage. The probability

evaluations were performed particularly in the light of the recently

discovered Hosgri fault, as we) 1 as other known fault zones in the i..egion
\

of the plant. At„, i ts closest point, the Hosgri faul t is approximately

6 kilometers offshore from the plant site.

The power plant is located in an active seismic region ot
C

Southern California. A number of fault zones have been identified in the

general region (wi thin 100 kilometers) of the plant, including the San

Andreas, the San Simeon, the Rinconada and other faults. The distances of

these various faults to the plant site vary from 6 kilometers for the

Hosgri to 88 kilometers for the Santa Ynez fault as shown in Fig. l.

The study is limited only to the consideration of the seismic

hazard. Concern for the seismic safety of the plant arises from the fact

that the plant was originally designed for a safe shutdown earthquake (SSE)

of 0.4 g; presumably, at the time of the design, the existence of the

Hosgri fault, as well as its proximity to the plant site, were not





confirm d and thus its implication on the plant safety was not ful ly

recognized. The choice of an SSE of 0.4 g for the design of the plant

subsequently proved to be insufficient in light of the evidence confirming

the Hosgri fault as it is now recognized. Because of the location of the

Hosgri fault relative to the plant site, the 'seismic hazard to the plant,

therefore, is higher than that originally envisaged during the design of

the plant. Consequently, the original level of safety perceived for the

plant would be lower than it actually "is.

The increased seismic hazard arising from the Hosgri fault can

be quantitatively expressed only in terms of higher prob"bilities of the more

severe ground motion intensities at the plant si te. ln other words, the

seismic hazard can be predicted only in terms of probabilities. ln this

light, even though the safety lovel (in terms of probability of damage) of

the existing plant over the original life of thirty years will be lower than

that originally considered acceptable for the plant, the original level of

safety may nevertheless be maintained for a life shorter than thirty years;

for example, for a life of two or three years of operation, whereas if
longer operational lives are desired, the plant must be retrotitted or

upgraded for a higher SSE in order to achieve a safety level, at least, equal

to that considered acceptable in the nuclear power industry.

The results developed in this study are intended to assist in

resolving these questions. Furthermore, the study should serve a'iso to

assist in determining how much retrofitting would be necessary to achieve

an acceptable level of safety for a full thi-rty-year operational life of

the plant.





1. 2 P <er i se an<i Scope of S tudy

The probabilities calculated herein pertain only to the, afety 'of

specific plant components against seismic hazard; in particular, the simul-

taneous occurrence of earthquakes and other environmental or man-made hazards
\

is not considered. Horeover, probabilities of damage are calculated for

specific critical components and/or sub-systems such as piping; consideration

of the damage or failure probabi 1 i ty of a complex system in a nuclear power

plant will require fault tree and event-tree analyses, which in turn would

require detailed knowledge of the system configuration and interrelationships

among the components (NRC, WASH-1400), which the authors are not prepared to

do as a part of this study.

The problems involve low probability and high consequence. Secause

extremely small probabilities are involved, the absolute values of the

calculated probabilities may not, in themselves, be used to answer the

question of wheAer or not the plant is safe enough. Nevertheless, the

results provide a useful and consistent measure of safety. In particular,

the calculated damage probabilities of the existing or retrofitted plant

relative to the corresponding probabilities of the plant as originally

designed (which postulated the absence of the Hosgri fault) may be used as

a quantitative measure of relative safety.

For these purposes, damage probabilities were evaluated for the

purpose- of the fol lowing:

(i) To determine the damage probability of the existing plant for a

life of 30 years, which was designed for an SSE OF 0.4 g with a

safety factor of 4 to 6, assuming the absence of the Hosgri fault.
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Presumably th's probability corresponds to the safety level
I

deemed to be adequate during the design of the plant (had there

not been the Hosgri fault). Furthermore, if there were no
. ~

Hosgri faul t, the safety level of ~he existing plant may not

have been seriously questioned. This calculation, therefore,

serves to establish the level of damage probability that is

implici tly considered to be acceptably low enough of current
~ l

nuclear power plants.

(ii) To assess the damag probability of the existing plant for an

interim life of 2 years under the "real" seismic hazard; i.e.,

including the presence of the Hosgri faul t.

To evaluate the damage probabi1 i ty of the plant for a life of

30 years, if it is retrofitted to withstand an SSE of 0.75 g

with a safety factor comparable to that of the original design

(or slightly less) under the "real" seismic hazard inc'iuding

that from the Hosg r i faul t.
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I I. The Prohandi listic Approach to Safety Assessment

2. I Base" of Approach

Damage of a structural component, or safety equipment, would

occur when the seismic ground motion exceeds the capability of the component

to resist such motions. The maximum ground acceleration that could occur

at the site of the power plant over a finite time period is clearly not

predictable; similarly,'he seismic capability of a major structural component

or the fragility 1 imi t of a piece of equipment may only be described with a

random variable. Consequently, the probability of the resistance being less

than the conceivable levels of seismic motions at the site is the relevant

measure of safety.

The calculated probabilities must necessarily depend on the bases

under which the structural components were 'designed, and the various safety-

related equipments were qualified, for seismic resistances. In this regard,

it is assumed that the major structural components of the Diablo Canyon

power plant were designed according to standard practice for the design of

nuclear power plant structures, and the Class 1 safety equipments were

qualified in accordance with recommended practices, e.g. IEEE (1974,
1975).'ecause

extremely small probabilities are involved, they cannot

be estimated directly on the basis of statistical observations, nor verified

on the same basis. However, the required probabilities may be deduced

through a proper synthesis of available information and statistical data,

using established physical relationships of the underlying problem. In

this regard, it is important to recognize that the derived probabilities

should be technologically credible, in the sense that it is based on the
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logical synthesis of various pieces of information, each of which is b"sed

on objective data or can be individually judged to be technically reasonable

or sound.

In performing the probability calc lations, methodologies foi
V

determining the seismic hazards (e.g. the maximum ground motions) at the

site as wel I as for determining the d cription of the resistances are

required. The methods used for each of these purposes are described below.

2.2 Determination oF Seismic Hazards

Realistically, over a finite time period, it is not possible to

state with any precision the maximum ground acceleration that can be expected

at the site of the Diablo Canyon power plant. The description of the ground

motion intensity may be developed only in terms of probability —specifically,

for example, the probability of exceeding specified acceleration levels in

a year, or the annual probability of exceedance.

The site of the power plant is subject to potential earthquake

hazards from several well-defined fault systems, including the recently

discovered Hosgri fault which is six kilometers offshore from the p lant at

its closest point. Although all the existing faults in the region are

potential sources of earthquakes, the high intensity motions that may be

expected at the site would largely be the result of events on the nearby

faults, especially the Hosgri. In any case, the total seismic hazard at

the site would be the cumulative contributions from all the sources in the

region. The determination of these hazards can be performed systematically.

In the present case, this determination is based on the recently developed

fault-rupture model of Der-Kiureghian and Ang (1977). The details of this





model will not be described here; it will suffice only to point out the

main features of this model.

The DerKiureghian-Ang model is physically consistent with the

important characteristics of an earthquake event. It is based on the

assumption that an earthquake. originates as a fault break at its focus

and propagates as an intermittent series of ruptures or slips in the earth'

crust, and that the maximum intensity (e.g. acceleration) of ground shaking

at the site is determined by the rupture that is closest to the site.

Accordingly, the maximum ground acceleration at any point in the neighborhood

of an earthquake attenuates with the shortest distance from the rupture.
'

Finally, the occurrence of earthquakes with magnitudes II > 4 constitutes

a Poisson process and, consistent with Richter s magnitude law, the magn! tude

of an earthq'uake is described with a truncated exponential distribution

(Rosenblueth, 1973) .

Schematically, the major fault systems in the region of the

Diablo Canyon power plant is depicted in Fig. 1. For each of the faults

indicated in Fig. 1, the frequencies of earthquakes of magnitude H > 4

are assumed to be the same as those observed historically in this region;

furthermore, within a given fault, earthquakes are equally likely to occur

anywhere along the fault. Also, during a given earthquake, the length of

the fault rupture will be a function of the magnitude and appropriate

relationship 'for this purpose must be specified.

The maximum intensity at the plant site, of course, will also

depend on the distance to the closest rupture for an earthquake of given

magnitude; as illustrated in Fig. 2a, if an earthquake occurs on one of

the faults of such a magnitude as to produce a rupture length R, then the
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maximum acceleration at the site will be determined by tne distance d as

shown in Fig. 2a. Besides the hazards of carthquakcs from the kn,wn faults,

earthquakes may occur also anywhere spatially within a one hundred-ki lometer

radius; that is, the epicenter may not necessarily be on one of the known

fault systems. Earthquakes from these latter sources are assumed to have

fault ruptures that may propagate in any direction from its focus as il lus-

trated in Fig. 2b; the maximum acceleration, however, is stil 1 determined by

the shortest distance d to the causative fault. Appropriate relationship

for the attenuation of the maximum acceleration with d, therefore, wi1 1 be

required.

In using the fault rupture model of Der-liiureghian and Ang (1977),

a number of phy"ical relationships as well as parameter values, therefore,

must be specified for the site in question. In this regard, the specific

relationships and parameter values used for the Diablo Canyon plant site

are based on information and data directly pertinent to the site.

With this model, the known physical relationships as well as all

historical data of earthquakes and pertinent seismological information are

synthesized systematically in a manner consistent with the major characteris-

tics of earthquakes. Of course, the validity of the results will sti 1 1

depend on the reliability of the data and information used with the model to

obtain the calculated results. In the present case, the bases for such

information and data are described in Sect. 3.l.

On these bases, the total hazards of the Diablo Canyon power plant

site is then obtained as the sum of all potential sources within a region of

100 kilometers. The result is the seismic hazard curve representing the

annual probabilities of exceedance associated with specified maximum ground

acce1 era tions.
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2.3 Determine tion oi Sei smi c Res 1 s tances

The capabilities of specific structural components and equipments

to resist specified levels of grcund motion will obviously influence the

respective probabilities of damage. However, for the purpose of calculating

the underlying failure probabilities, it is not necessary to know the actual

resistance capability or fragility limit of the structural component o'r piece

of equipment; information on its seismic resistance capability relative to

the maximum motion to which it is subjected should be sufficient. This

information is contained in the factors of safety used in the design of the

structural components; similarly, the margins or degrees of conservatism
k

underlying the design of the structure or equipment would provide equivalent

information. Following Hewmark, the safety factors for the structure as well

as the piping and equipment are defined as the ratio between the median value

of the resistance to the safe shutdown earthquake prescribed for the design

of the plant.

Another resistance parameter that has a bearing on the damage

probability is the degree of uncertainty underlying the prediction of

resistance, which may be expressed conveniently in terms of the coefficient-

of-variation. This must include all the uncertainties underlying the

predicted or estimated resistance. One of the main tasks, therefore, in

the evaluation of the damage probability is the assessment of the various

sources of uncertainty associated with the prediction of seismic resistance

or fragility limit. Available observed data, including information on

ranges of observed measurements, may be used in this determination.

Invariably, however, the available data and information will be insufficient

to provide completely objective bases for assessing the underlying degree
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of uncertainty. In this light, it will be necessary to augment the

available information with engineering judgment; the necessary judgments,

however, may have to be expressed in or translated into probability terms

in order to derive the appropriate coefficients-of-variation.

2.>f Calculation of Damage Probability

At a given level of ground acceleration, say a , the probability

of damage of a component with resistance distribution function FR(a) would

simply be

PF
= (2.1)

which is the area in the probability density function of R below a as
0

shown in Fig. 3. However, since there could conceivably be a wide range

of possible ground accelerations, which may be described as a random

variable with probability density function fA(a), the probability of

damage must be integrated over all possible values of a. Hence,

PF FR (a) fA(a)

0

(2 2)

An alternative but equivalent expression for the damage

probability is

PF

0

(2-3)

in which 1
- F (a) is the exceedance probability of acce'Ieration a, as

A

given by the hazard curve of Fig. 4a. For the present study, Eq. 2.3 is

preferred over Eq. 2.2 as the ordinate of the hazard curve gives directly

ri - FA(»~.





Numer.:-.a'ly, Eq. 2 3 car be evaluated as

PF
= ~ II - Fp,(a) l «R(a)

all a'

where hF (a) = F (a + —) - F (a - —) is the probability that theha ha
R 2 2 R 2

resistance will be in a small interval ha, as represented by the

incremental area shown in Fig. 4b.

Whereas the probabi 1 ity distribution ot the seismic environment

is described by the hazard curve obtained from a seismic risk analysis, the

probability distribution for the resistance R may be prescribed to be

1 ognorma 1 (fo 1 lowing'ewma rk, 1974) . Thus,

i (~) = 4(—')
R r,R

in which Q(x) is the standard normal probability, and,

<n(1 + "R) (2. 6)

where r is the median of R; and 0 is the coefficient-of-variation

representing the uncertainty in R.

Prescription of the lognormal distribution for R may be justified

on the following ground. The correct resistance may be represented as the

calculated resistance R mul tiplied by a series of correction factors; i.e.

R=CIC2 ... Ck R (2. 7)

where C. are random variables, representing the corrections for site
I

conditions, dynamic amplification, effects of damping, dynamic analysis

model, etc. Irrespective of the proper distribution of these individual

variables, including that of R, the product in Eq. 2.7 wil 1 (at least) be
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approximately lognormal by virtue of tive central-mimi t theorem.

The damage probabi li ty described above appl ies to individual

components where hF (a) is evaluated for sui table increments of a.
R

1

However, in the case of a piping system, the.e may be several potential

damage locations in the pipe; the damage of any of the cri tical sections

will constitute failure of the entire system. In such a case, if there

are n independent critical sections in a piping system, the resistance

distribution of the sys tem would be

in which Fl(a) is the resistance of one critical section.

The incremental probability hFR(a) then becomes

FR(a) = n [I - Fl a GFI

Furthermore, i t is general ly recognized (e.g. NRC, 'IIASIl 1400) that

fai lure of two or more systems would be necessary to cause release of radio-

active material in the plant; for example, the joint occurrence of damage

to a pipe section and malfunction of the associated safety equipment. In

such a case, the cumulative distribution function of the resistance becomes

FR(a) = Fl(a) FE(a)

where F (a) is the distribution function of the equipment fragility. From
E

which the incremental resistance probability, therefore, is

~FR(a) = Fl(a) ~FE(a) + FE(a) ~FI(a)

! n Eqs. 2.0 and 2.10, the distribution functions of the

respective seismic resistances are also assumed to be lognormal.
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I I I. 'Pertinent Data and Information Base

As indicated earlier, specific physical relationships and

parameter values are needed For the calcula'.ion oF the required probabi 1i-

ties. The irformation base used for developing such relationships and. For

evaluating the specific parameter values are surrwrized below. In every

case, information and data pertinent to the Diablo Canyon site are used for

these purposes. However, where objective information is not available or

sufficient, subjective judgments are intro'duced to augment the available

inform."tion base; when necessary, such judgments would generally tend to

be on the conservative side.

.3.1 Data for Seismic Hazard Analysis

Obviously, the level of seismic hazard at the Diablo Canyon power

plant site would depend on the seismicity of the major faults in the region

surrounding the site. The locations of the major faults have been identified

geologically; these are summarized'in Fig. l. At the closest point, the

surface distances of these faults from the Diablo Canyon plant as well as

the lengths of these faults are shown below in Table 3.1. Besides the

known faults, it is assumed that earthquakes could originate also at any

point within a 100-km radius from the plant; fault ruptures from such

earthquakes could propagate in any direction. Potential sources within

this 100-km radius are represented by the four annular areas indicated in

Table 3.1.
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Table 3.1 Seismi~ Source Detini tion

Seismic
Source

Surface Distance
from site, km

Fau I t Leng th,
km

San Andreas 75 400

Santa Lucia Bank 48 55

Rinconada-Ozena 30 195

Santa Ynez

San Simeon

Hosgri

88 130

132

107

Annular areas:

12

37

62

90

'Seismici ty of Each Faul t -- The frequency of significant

earthquakes, i.e. earthquakes with M > 4, are different among the various

faul ts in this region. As expected, the average occurrence rate of such

earthquakes is highest for the San Andreas fault. In any case, the

occurrence rate of significant'arthquakes for each of the faults are

determined or evaluated on the basis of the epicenter map for this region,

as shown in Fig. 5, which is reproduced from Volume I I of the Final Safety

Analysis Report (1974) for the Diablo Canyon power plant. Figure 5

represents the epicenter map for this region for the period 1934 through
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1971. In the case of tl" Hosgri, the relocated,epicenters reported by
*

Gawthorp (1975) were also used. In evaluating the average occurrence rates

for the respective faults, each epicenter shown in Fig. 5 is assigned to

one of the faul ts within about 5 kilometers. In this way, an actual count

of the epicenters for the respective faults is made, trom which the average

occurrence rate for each fault is then determined. On this basis, the

annual occurrence rates of H > 4 for the various faults were obtained as

shown in Table 3.2 below. For the areal sources, i.e. earthquakes not in

any ot the faults, the occurrence rates Indicated below represent those for

each ot the annular areas; the number of epicenters in Fig. 5 that do not

belong to one of the faul ts were divided in proportion to the annular areas

to obtain the respective occurrence rates shown in Table 3.2 for these areas.

Table 3.2 Seismic Source Parameters

Seismic
Source

Annual Hean Occurrence
Rateof H>4

Upper-Bound
Hagnitude, m

San Andreas

Santa Lucia Bank

Rinconada-Ozena

6.o

0.92 (0.01-0.02)

0.92 (0.18-0.36)

8.o

7.5

7.5

Santa Ynez

San Simeon

Hosgri

o.41

o.46

0.22 (0.02-0.30)

7.5

7.5

7.5

Annular areas:

0.09 6.5

0.27 6.5

9-45 6.5

5.4o 6.5
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The annual mean occurrenc rate of earthquake= in the diff rent

faults may a)so be assumed to be proportional to the fault movements over the

last 10,000 or 20 million years. Based on the faul t motion data provided

by Hamilton (transmitted through tiRC), reproduced in Table 3.3, the annual

mean occurrence rates of H > 4 would bo those shown in parentheses in Table 3.2

for the respective faults, relative to an occurrence rate of 6 per year on

the San Andreas. Observe that the occurrence rate of 0.22 per year, used

in the calculations for the Hosgri faul t, is within the range (0.02-0.30).

Table 3.3 Total Dislocation (Tentative Values)

In, last
10,000
years

~n.eters

In lastG
20x10

ears
km

San Andreas

Hosgri

Rinconada

500

30

200

10

Nacimiento 4 0.8

'West Huasna-Suey

La Panza-Ozena

Santa Lucia Bank

0.4

0.4

0.4

Data from Doug Hamilton, with some interpretation.

Note that the San Andreas average rate of slip has
increased "recently" while the others have decreased.

Frequency Distribution of 11agnl tude -- The magnitude of

significant earthquakes (i.e. with II > 4) can be described with the
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shifted exponential distribution (Rosenblueth, 1973), as follows:

F„(m) = k[1 - e ~(m 4)]; 4<m<m (3 ~ 1)

-g(m -4)
where k = 1

- e. u , in which m is the upper-bound magnitud . Because

the results could be sensitive to m (Der-Kiureghian and Ang, 1977),
u

reasonable values of m must be specified for each of the potential earth-
u

quake sources; in the present case, the m assigned for the various sources
u

in':the region are as shown in Table 3.2; namely, m = 8 for the San Andrcas,
u

m = 7.5 for all the other faults, and m = 6.5 for earthquakes originating
u u

in any of the annular areas.

The parameter 0 in Eq. 3.1 influences the relative frequencies

of different magnitudes, and therefore must also be carefully evaluated.

This may be obtained as the slope to the magnitude recurrence curve for

the region. The magnitude 'recurrence curve is. a plot of the earthquake

magnitude H versus the annual number of events with magnitudes greater than

or equal to H. The frequency of different earthquake magnitudes in this

region has been summarized by Anderson and Trifunac (1976); on the basis of

these data, the recurrence line shown in Fig. 6 is developed. The recur-

rence line shown in Fig. 6 can be observed to be slightly conservative,

as it is above almost all of the data points plotted on this figure.

The slope of this recurrence line yields a value of 9 = 2.01.

The Attenuation Equation -- The attenuation of'he maximum

acceleration as a function of the shortest surface distance to the fault

rupture (or causative fault) is needed with the seismic risk model of, Der-

Kiureghian and Ang. For the Southern California region, data of various

earthquakes representing the maximum acceleration as a function of the
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distance to the causati"". faul t for various large-magni tude earthquake~
'I

have been ieported by Page, et al (1972). These data are summarized in

Fig. 7. Page, et al (1972) also observed that the maximum ground accelera-

tion attenuates with the shortest distance d to the slipped fault at a

"1.5 -2.0rate of d 'o d
'

On the basis of these data, the following

a t tenua t i on for maximum acceleration is developed:

0.67M(d 15)
1 . 75

r ~

(3.2)

The maximum accelerations given by Eq. 3.2 may be compared with the

observed data for this region in Fig. 7. it may be emphasized that in

Eq. 3.2, d is the surface distance to the slipped faul t.

Ru ture Length Equation —The rupture length is obviously a-

function of the earthquake magni tude. For this purpose, the rupture length

equation proposed by Patwardhan, Tocher, and Savage (1975) is used for

M < 7. This relationship can be represented by

R = 10(0'91M - 4.62) (3.3)

which gives rupture lengths in kilometers. Specific rupture lengths

given by Eq. 3.3 for various magnitudes can be seen in the following table.

Magnitude Rupture Length, km

6.5

7.5
8

0.1

1

7

20

56

107

400'" "

Assumed to be equal to
>" <Assumed to be equal to

the length of the Hosgri fault.
the length of the San Andreas fault.
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3.2 The Seismic Hazard Curve

Using the data described above, and with the DerKiureghian-Ang

seismic risk model, the annual probability of exceedance for all levels

of ground acceleration (up to 1.5 g) w'ere calculated. The results are the

seismic hazard curves for the Diablo Canyon power plant site shown in Fig. 8.

Three specific cases were considered as follows:

(1) Considering all seismic sources in the region.

(2) Considering all sources except the Hosgri fault. Presumably,

this is the seismic environment postulated during the design of the plant.

(3) Considering only the Hosgri fault. This case calculates

the risk associated with earthquakes originating on the Hosgri fault only.

The resulting seismic hazard curves for all the three cases

described above are summarized in Fig. 8. The annual exceedance probabilities

for specific values of the maximum ground acceleration, ranging from 0 to

1.5 g, are also presented in Table 3.4.

The results presented in Fig. 8 also included the effects of the

uncertainties underlying the seismic risk model. The most significant of

these uncertainties is that associated with the attenuation equation'(Der-

Kiureghian and Ang, 1975). From the scatter of the observed accelerations

shown in Fig. 7, the coefficient-of-variation representing the uncertainty

underlying the above attenuation equation, Eq. 3.2, is estimated to be

around 301. In short, the hazard curves presented, in Fig. 8 has been

corrected for the uncertainties associated with the seismic risk model

including, in particular, the major uncertainty underlying the attenuation

equation.

According to the results of the three cases considered herein,

the following information (see Fig. 8) may be inferred; . At the higher





Table 3.4 Seismic Hazards at Diablo Canyon Power Plant Site

Annual
liax. Ground
Accel., g

All Sources All Sources
Except Hosgri

Annual Probability of'xceedance .

Hosgri only

0. 10

0. 20

0.30

0.40

0,50

0.60

0.70

0. 80

0. 90

1.00

I.10

1. 20

1.30

1. 40

1.50

5.0 x 10

7.0 x 10

1.9 x 10

7.4 x 10

3.6 x 10

-4
2.0 x 10

-4
1.2 x 10

7.8 x 10

5.0 x 10

3.1 x 10

1,9x 10

1.2 x 10

7,2x 10

4.3 x 10

2.5 x 10

3.4 x 10

4.0 x 10

8.8 x 10

2.4 x 10

6.6 x 10

1.8 x 10

4.8 x 10

1.2 x 10

2.4 x 10

-8
5.1 x 10

8,1 x10

1 ..6 x 1 0
"

3 . 0 x l 0

1 . 0 x 1 0

5.0 x 10

2.9 x 10

1.8 x 10

1,2x 10

7.7 x 10

5.0 x 10

3.1 x 10

1.9 x 10 5

1.2 x 10 5

7.2 x 10

4.3 x 10

2.5 x 10
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acceleration levels,. say > 0,7 g, the seismic hazard at the Diablo

.Canyon power plant site is virtually entirely due to the Hosgri fault.

At the lower levels of acceleration, the contributions from the other
\

sources are more significant.

3.3 Res onse and Resistance Determinations

Mith regard to the evaluation of the structural components, it is

the seism c capacity of a component relative to the applied maximum

,earthquake motion that is relevant. In describing the capacity of a

structural component, it will suff ice to know the factor of safety used

in its design, as this then determines the design capacity relative to

the specified safe shutdown earthquake (SSE). Structural components of

nuclear power plant structures are believed to have an underlying factor

of safety that is about three times that for ordinary structures (Hewmark,

1975). Thus, the actual factor of safety for nuclear plant structures

would range between 4 and 6; i.e. the median seismic resistances would

be 4 to 6 times the specified SSE.

With regard to the seismic capability of a pipe section, it is

believed that a pipe can undergo significant inelastic deformations prior

to incurring damage; for this reason, it is reasonable to assume that the

piping is designed to withstand the SSE with a safety factor slightly

higher than that of the structure -- a value of 6 is considered realistic.

In the case of equipments, some reserve capacity is normally

assured on the basis of qualification tests. According to the IEEE

Standards (1974, 1975), light equipments are normally proof-tested for

vibrations with maximum acceleration at the equipment mounting that is
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IO/ above that expected. ~uring an SSE. The capacities of heavy equipme.
ts,'owever,

are determined through calculations. In either case, the safety

factors of Class I equipments are difficult to estimate; however, it is

believed that safety factors ranging from 2.5 to 4 are probably reasonable.

Light electrical equipments may generally tend to have lower safety factors

than those of heavy mechanical equipments.

The degree of uncertainty in both the response prediction and

capacity determination of the structure as well as the various equipments

are also important in evaluating the damage probabilities. The various

sources of uncertainty and their combined effects are assessed systematically

below.

Uncertaint in Structural Resoonse Prediction and Capacit

In the case of the structural response prediction, the several sources of

uncertainty are as follows:

(i) Effects of Site-Dependent Factors on the Definition of Ground

Notions -- This would include the effect of local soil conditions and

geology on the predicted ground motion at the site as determined by the

seismic hazard curve described earlier. Information that can be used to

assess the level of uncertainty associated with these factors is scarce.

Based largely on subjective judgment, this uncertainty is estimated to be

on the order of 201, expressed in terms oi'oefficient-of-variation (c.o.v.) .

(ii) Variability in Amplification Factors -- Mohraz, Hall, and Hewmark

(1972) in their study of a large number of earthquakes have reported the

50 and 90-percentile values of the amplification factors for displacement,

velocity, and acceleration; from this study, the 501 and 90R values of the

respective amplifications are as follows:
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504 value

904 va lue

D I si .

~Am l.

1. 40

2.21

Vel.
~Am l.

1.66

2.51

Accel.
Ampl .

2. 11

2.82

Assuming that the'amplification I'actors can be described as Gaussian random

variables, the variabilities for the respective amplifications (expressed

in terms of c.o.v.) are: .

Qd = 458

n = 400

n = 268.

Therefore, a coefficient-of-variation of 30k to represent the uncertainty

associated with the variability in the amplification factor for acceleration

appears reasonable.

(iii) Uncertainty in the Specification of the Structural Damping--

The uncertainty associated with the specification of damping coefficients

used in the response calculation of a structure may be of the order of 304,

as has been suggested by Newmark (1974).

(iv) Hodeling of Structure for Dynamic Analysis -- Because of the

complexity of a nuclear power plant structure, there is bound to be

significant uncertainty in modeling the structure for dynamic response

analysis. This should include the effect of structure-soil interaction

when pertinent. It is conceivable that this uncertainty could be of the

order of 30~~, which would include the effects of soil-structure interaction.

Since the Diablo Canyon power plant is built on rock, where the effects of

soil-structure interaction would not be significant, the 300 assigned herein

could be on the conservative side.
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On the basis pf the individual uncertainty levels assessed abo;a,

the total uncertainty associated with the prediction of structural response,

based on first-order approximation (Ang, 1973; Ang and Cornell, 1974),
0

therefore, i s

0 = J 0.20 + 0.30 + 0.30 + 0.30res

= 0.56

Wi th regard to the uncertainty underlying the estimation of the

capacity of the structure or structural component, it is assumed that this

uncertainty will be comparable to that associated with the prediction of

the resistance to blast forces (Ang, Hall, and Hendron, 1974), which has

been es t ima ted to be 304.

~ Therefore, the total uncertainty underlying both the response

prediction and structural capacity becomes

0 — = 0.56 + 0.3 = 0.64structure

From which the parameter g of Eq. 2.6 is

Rn(l + 0,64 ) = Oe59

Uncertaint in the Res onse Prediction and Resistance of Pi in

~S stems —The forcing function on a piping system vIould involve the floor

response spectra of the structure. Accordingly, any uncertainty in the

prediction of the response of a piping system would be above and beyond

those estimated earlier for the structure. This additional uncertainty

should include those underlying the in-structure motions such as the floor
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response spectra that constitute the input to the response analysis of t,ie

piping system, as well as any imperfection associated with the modeling

and response analysis of the piping system itself. Consider the complexity
C

of pipings in a nuclear power plant, the uncertainty associated with these

factors can be expected to be large; conceivably, this could range from

30/ to 504. For the purpose of this study, a coefficient-of-variation of

50~ will be assumed to represent the level of uncertainty in the prediction

of piping system response. Therefore, the total uncertainty associated with

the piping system response, or the forces at a pipe section, would be

0 = 0.56 + 0.50 = 0.752 2=

With regard to the resistance of a pipe section, it is reasonable

to assume that pipes can take some inelastic action; for example, it is not

unreasonable to expect a ductility factor of 1.5 for pipes. Accordingly,

the uncertainty in the resistance of a piping system may be comparable to

that of a structural component, and thus a coefficient-of-variation for

the resistance of a pipe section of 30F may be assigned.

The total uncertainty associated with the response calculation

and resistance of a pipe section, therefore, is

Q . = 0.75 + 0.30 = 0.81pipe

Thus,

= ZRn(l + 0.81 ) = 0.71pipe





In the case of equipments, the additional uncertainty in the in-structure

motions as well as in the modeling and response analysis of the equipment
0

would be the same as those of the piping system; these uncertainties, of

course, would again be above and beyond those underlying the resp'onse

prediction of the structure. In other words, a coefficient-of-variation'f 50k may also be used for the response prediction of equipment. Accordingly,

the uncertainty associated with the response prediction of equipment would

also be

Qr„ = 0.56 + 0.50 = 0.75

Information on the seismic capacity, of equipments are generally

proprietary (IEEE Standards, 1974). For this reason, specific information

on the fragil ity limits of equipments used in nuclear power plants are

quite rare. However, information on fragility limits of equipments subjected

to blast-induced nuclear ground shocks is available (tiewmark, et al, 1963);

according to Ang, Hall, and Hendron (1974), the coefFicients-of-variation

associated with these data are 604 for heavy mechanical equipments, and 804

for light electrical and electronic equipments. On this basis, an average

c.o.v. of 70', therefore, may be used for the fragility of nuclear plant

equipments in general. Hence, the total uncertainty underlying the response

prediction and fragility of equipments is

A = J0.75 + 0.70 = 1.03

from which

Rn(I + 1.03 ) = 0.852
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IV.. Calculated Dama Probabilities

Mith the formulations desc> ibed in Chapter II and the specific

relatjonships an" parameter values given in Chapter III, the probabilities

of specifi" adverse events involving the d ...age of major structural comp nents,

piping system, or safety-related equipment, or some combinations thereof

are evaluated. In all cases, damage is defined to mean that the seismic

capacity of "he component or equipment is exceeded by the maximum'eismic

acceleration occurring at the site. Depending on the component concerned,

damage is defined as in the following:

Component

Structural

Definition of Dama e

Some definite degree of yielding
at a critical section

Piping Slight yielding at a critical location
of a pipe

Equipment Ilalfunction, or fa'ilure of equipment
to perform required safety function,
during an earthquake

In all cases, the relevant probabilities are calculated first in terms of

the annual probability of damage, from which the damage probabilities for

other durations of life are derived. These are obtained as the sum of the

incremental probabilities, hpF, contributed by all levels of ground

accelerations, as indicated in 'Eq. 2.4.

It may be emphasized that the calculated damage probabilities are

based on certain tacit assumptions regarding the manner in which the various

components are designed, as described in Chapter III. Such probabilities

are, therefore, necessarily dependent on the criteria under which the

components were designed; for example, on the factor of safety and the safe
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shutdown earthquake specified for the design of these components. In this

regard, the following are considered to be realistic conditions for nuclear

power plant components.

Component Safet Factor against SSE

Structural

Piping

Equipment

4to6

2.5 to 4

That is, a safety factor of between 4 and 6 against yielding under the SSE

underlies the design of major structural components. In the case of the

piping system, the safety factor is 6; whereas for equipment, the safety

factor ranges from 2.5 to 4. In all cases, the SSE is 0.4 g for the existing

plant, whereas an SSE of 0.75 g would be assumed for the retrofitted system.

Damage probabilities are calculated for two seismic environments:

considering all the potential seismic sources in the region of the site,

including the Hosgri fault; whereas, the other excludes the Mosgri fault in

the region. The seismic hazard of the latter seismic environment (that is

excluding the presence of the Hosgri fault) presumably is the environment

believed to be appropriate at the time of the design of the original plant;

damage probabilities calculated under this seismic environment, therefore,

would correspond to the accepted safety level for the plant if the Hosgri

fault did not exist.

Furthermore, aside from the damage probabilities for the existing

plant, corresponding probabilities are also calculated for the plant

retrofitted for an SSE of 0.75 g, assuming that approximately the same

safety factors or range of safety factors can be maintained for the

retrofitted system.
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4.1 Dama e of Structural Components

The probability of damage of specific structural components is

evaluated using Eq. 2.4, in which 1-F (a) i.. the ordinate of the seismic

hazard curve of Fig. 8, and F (a) is assumed to be lognormal.

The results of the calculations are summarized in Table 4.1,

which shows the incremental contributions to the damage probability from

the different levels of ground accelerations. The sum of the incremental

probabilities, hpF, is then the annual damage probability for a structural

component.

The annual damage probabilities given in Table 4.1 pertain to

the existing structure exposed to all the seismic hazard in the region

including, in particular, that from the Hosgri fault. The damage probability

for a period of two years under this "real" seismic environment is between

-5 -4
2.38 x 10 and 1.10 x 10 . In Table 4.1, the annual damage probabilities

corresponding to the seismic environment originally assumed in the design

of the plant (that is without the Hosgri fault) are also presented. On

this latter basis, the thirty-year damage probability ranges between

6.12 x 10 and 4.65 x 10 ; presumably this latter damage probability

corresponds to the safety level accepted for the original design of the

plant for a life of thirty years; implicitly, this damage probability
/

has been considered acceptable for the design of nuclear "power plant

structura I components.

In Table 4.2 are shown the corresponding damage probabilities of

the structure if retrofitted for an SSE of 0.75 g. Assuming that approximately

the same safety factors can be maintained, retrofitting would yield the thirty-
-5 -4

year structural damage probability ranging from 3.42 x 10 to 1.42 x 10
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Tabl.. >'.I Probability of Damage of Structural Component of Existing Plant
(SSE = 0.4 g)

Incremental Probability, hp

141 th Hosgri Mithout Hosgri

Acccl., g FS:"=4 FS = 6 Fs = 4 Fs = 6

0.20

o.4o

o.6o

o.8o

1. 00

1. 20

1.4o

1.60 x 10

1.63 x 10

1.14 x 10

6.62 x 10

3.07 x 10

1.20 x 10

4.07 x 10

1.49 x 10

2.74 x 10

2.92 x 10

2.35 x 10

1 ~ 41 x 10

6.76 x 10

2.74 x 10

9.08 x 10

5.28 x 10

1.03 x 10

1.00 x 10

3.01 x 10

8.48 x 10

8.86 x lo 7

2.65 x 10

3.55 x 10

1.38 x 10

Annual pF.. 5.50 x 10 1.19 x 10 1.55 x 10 2.04 x 10

Without Hosgri, 30-yr p = 6.12 x 10 —4.65 x 10
F

Mith Hosgri, 2-yr p = 2.38 x 10 —1,.10 x 10
F

FS = ratio of median resistance to SSE = 0,4 g
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Table 4.2 Probability of Damage of Structural Component: of Retrofifted Plant
(SSE = 0.75 .g)

Incremant~l Probability, bpF

Wi th Hosgri

Accel., g

0. 20

0.40

0.60

0.80

1.00

1.20

1. 40

FS'c — 4

3.34 Ã 10

8.50 x 10

1.13 x 10

1.09 x 10

7.49 x 10

4.05 x 10

1.80 x 10

FS = 5.5

3.13 x 10

1.25 x 10

2.32 x 10

2.84 x 10

2.39 x 10

1.52 x 10

7.78 x 10

Annual pF'. 4.74 x 10 '1.14 x 10

With Hosgri, 30-yr pF
= 3.42 x 10 —1.42 x 10

I

FS = ratio of median resistance to SSE = 0.75 g
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It may be emphasized that the probabilities calculated above

pertain to the damage (which means yielding) of individual structural

components. In general, it does rot necessarily mean the collapse of the

component. Horeover, in the case of redundant structures, the damage of a

single structural component may not be of serious consequence to 'the entire

structural system. However, common design and construction procedures, plus

a stringent inspection requirement to achieve uniform resistance quality,

would tend to increase the statistical correlation between the resistances

of various components. For this latter reason, damage to one structural

component may likely cause similar damage to other components in the same

structure.

4.2 Damaqe of Pipin System

In the case of the piping system, the resistance along the length

of the pipe will generally be correlated; however, because there are numerous

sections and welded connections of a piping system in a nuclear power plant,

many of which could be potential locations of weakness, it is likely that

some of the pipe sections may be uncorrelated ~ In a given piping system,

therefore, it is reasonable to assume that there could be several, say n,

sections of potential damage locations in the system that are statistically

independent. The occurrence of damage (e.g., yielding or some observable

cracking at a welded joint) in one section would be an adverse event of the
~ ~

piping system; hence, damage in this case is dete'rmined by the weakest among

the independent sections. Accordingly, for a piping system, the resistance

distribution function would be defined by Eq. 2.8, in which Fl(a) is the

distribution function of the resistance of one pipe section. The entire

piping system, of course, is subject to the same ground motion environment;
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th.is c~wan-mode lo~ding is con idered and implied in Eq. 2.4, which is

the basis for calculating the damage probabil ities for a piping s;"stem.

I t is difficul t, hoivever, to determine how many of thc potential

d"mage locations in a piping system are uncorrelated or statistically
~P

independent; i.e., the appropriate value of n for a piping system may be

difficult to evaluate. In the calculations summarized in Table 4.3, values

for n between 1 and 10 were assumed. The incremental probabilities in each

case are shown in Table 4.3 for accelerations ranging from 0 to 1.5 g in

increments of 0.2 g, The respective annual damage probabilities are the

sums of all the incremental probabilities tabulated in Table 4.3. On the

basis of the results summarized in Table 4.3, the thirty-year damage

probability of the piping system for the seismic environment used in the

design of the existing plant (i.e. without the Hosgri fault) is between
-4

3.05 x 10 and '2.96 x 10 ; whereas the current two-year damage probability
-5 -4of the piping (with the Hosgri fault) is between 6.44 x 10 and 5.46 x 10

Table 4.4 shows the corresponding pipe damage probabilities for

the plant if retrofitted for an SSE of 0.75 g. Assuming that the same

safety factors can be maintained for the retrofitted plant, the thirty-year

damage probability of the piping would range between 9.25 x 10 and 8.68 x

10

4.3 Dama e (Malfunction) of Equipment

Safety-related equipment in nuclear power plants are believed to

be designed with factors of safety ranging from 2.5 to 4. Again, these

safety factors are defined to be against a specified SSE, which is 0.4 g

for the existing plant and 0.75 g for the retrofitted plant.
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Table 4.3 Damage Probability of Piping of Existing Plant
(FS = 6 against SSE = 0.4 g)

Incremental Probability, hpF

With Hosgri Without Hosgri

Accel ., g

0.2

0.4

0.6

0.8

1.0

1.2

n = 1

1,19x 105

8.80 x 10

5.61 x 10

3.32 x 10

1.64 x 10

6.95 x 10

2.60 x 10

n ='10

l. 19 x 10

8.35 x 10 5

4.45 x 10

1.89 x 10

5.82 x 10

1.38 x 10

2.66 x 10

n= 1

6.77 x 10

2.84 x 10

5.08 x 10

5.03 x 10

1.60 x 10

n = 10

6,75 x 10

2.70 x 10

4.03 x 10

2,86 x 10

5.69 x 10

Annual pF-. 3.22 x 10 2.73 x 10 1.02 x 10 9.88 x 10

Without Hosgri, 30-yr p = 3.05 x 10' 2.96 x 10
-,4 -3

F

With Hosgri, 2-yr pF
= 6.44 x 10 —5.46 x 10

n = number of potential 'damage locations in the piping with independent
res i s tances





Table 4.4 Damage Probability of Piping of Retrofitted Plant
(FS = 6 against SSE = 0.75 g)

Increm nt 1 Probability, hpF

With Hosgri

Accel ., g
' = 1 n = 10

0.2

0.4

0.6

0.8

1.0

1.2

1.4

4.80 x io 7

6.78 x 10-7

6.87 x 10

5.75 x 10

3.75 x 10

1.98 x 10

8.98 x 10

4.80 x 10

6.76 x 10

6.73 x 10

-6
5,38 x 10

3.21 x 10

1.49 x 10

5 ~ 66x 10

Annual pF.. 3.08 x 10 2.89x 10

With Hosgri, 30-yr p = 9.25 x 10 —8.68 x 10
F

n = number of potential damage locations in the piping with
independent resistances
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~ -. ~ Probabili"ies "f damage or malfunction of a saIety-related

equipment are shown in Table 4.5, calculated again for tw'o seismic. environ-

ments; namely, with and without the presence of the Hosgri fault, and for

safety factors of 2.5 and 4 in each case. Table 4.5 shows the incremental

probabilities. contributed by different ground acceleration levels in

increments of 0.2 g, yielding the annual damage probabilities as shown in

Table 4.5.

Corresponding damage probabilities are also calculated and

summarized in Table 4.6 for the retrof itted plant. Again, it is assumed

that equipment are or can be upgraded to withstand an SSE of 0.75 g with

the same range of safety factors as those of the existing plant.

On the basis of the results summarized in Tables 4.5 and 4.6,

the following equipment damage probabilities are obtained for different

operational lives.

In the absence of the Hosgri fault, the thirty-year damage

probability underlying the original design ranges between 3.36 x 10

and 9.99 x 10 . In the presence of the Hosgri fault, the two-year damage

-4
probability of the existing plant would range between 4.8 x 10 and

1.32 x 10; whereas, for the retrofitted plant, the 30-year damage

probability of an equipment (in the presence of the Hosgri fault) would

range between 1.32 x'0 and 2.21 x 10

4,.4 Joint Dama e of Pi in and E ui ment

An adverse event'that could likely lead to release of radioactive

material is the joint occurrence of damage somewhere along a piping system

and the damage or malfunction of the safety related equipment. The proba-„

bility of this joint event can be calculated assuming that the resistances





Table 4.5 Oamage Probability of Equipment in Existing Plant
(SSE = o.4 g)

Incremental Probability, hp„

With Hosgri Without Hosgri

Accel., g FS = 2.5 FS=4 FS = 2.5 FS = 4

0.2

o,.4

o.6

o.8

1.0

1.2

1.4

9.54 x 10

2.62 x 10

8.92 x 10

2.95 x lo

9.20 x 10

2.68 x 10

4.53 x 10

1,61 x 10

6.60 x 10

2.52 x 10

8.88 x 10

2.86 x 10

5.27 x 10 1.68 x 10 2.99 x 10

3.08 x 10

2.38 x 10

1.35 x 10

2.88 x iO

9.55 x 10

1.46 x 10

1.46 x 10

9.98 x 10

2.47 x 10

Annual pF. 6.6i x io 2.40 x 10 3.33 x 10 1.12 x 10

-3 -3
Without Hosgri, 30-yr pF

= 3.36 x 10 —9.99 x 10

With Hosgri, 2-yr p = 4.80 x 10 —1.32 x 10
-4 "3

F

FS = ratio of median resistance to SSE = 0.4 g
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Table 4.6 Damage Probability of Equipment in Retrofitted Plant
(SSE' o.75 g)

Incremental Probabi 1 i ty, hp

With Hosgri.

Accel., g

0.2

o.4

o.6

o.8

1.0

1.2

1.4

Fs = 2.5

8.93 x 10

4.32 x 10

1.28 x 10

5.55 x 10

2.24 x 10

8.15 x 10

2.74 x IO

Fs = 4.0

2.35 x 10

1.05 x 10 5

5.24 x 10

2.75 x 10

1.28 x 10

5.23 x 10

1.93 x 10

Annual pF.. 7.38 x 1O 5 4.39 x 10

With Hosgri, 30-yr p = 1.32 x 10 —2.21 x 10
F

FS = ratio of median resistance to SSE = 0.75 g





of the piping system and tnat of the equipment are statistically independent,

but are subject to the common seismic environment of ground accelel'cltion.

In this case, the joint resistance distribution function is given by Eq.

2.10, from which the joint damage probabilitv is obtained through Eq. 2.4

Joint damage probabilities of the existing plant, as well as of

the retrofitted plant, are given in Tables 4.7 and 4.8, respectively. In

the case of the existing plant, calculations were performed again assuming

two seismic environments; namely, with and without the presence of the

Hosgri fault in the region of the plant. For the existing plant, an SSE of

0.4 g is used, whereas for the retrofi tted plant, both the piping and the

equipment are assumed to be upgraded for an SSE of 0.7 g. In both cases,

a safety factor of 6 is assumed for the piping, whereas safety factors

ranging from 2.5 to 4 are assumed for the equipments.

Incremental damage probabilities are shown in Tables 4.7 and 4.8

in increments of 0.2 g accelerations, from which the respective sums give

the annual joint damage probabilities. On the basis of these results, the

joint damage probabilities for different operational lives were obtained

as follows.

For the existing plant, the thirty-year joint damage probability
h

-5 -5
assuming the absence of the Hosgri fault would be 1.4 x 10 to 3.4 x 10

whereas in the presence of the Hosgri fault, the two-year damage probability
-6 -5of the existing plant would range between 9.2 x 10 and 1.69 x 10 . For

the retrofitted plant, the thirty-year damage probability would be between

6.78 x 10 and 1.56 x 10





Table 4.7 Joint Damage of Piping and Equipment in Existing Plant
(SSE = 0.4 g; FS . = 6.0)pipe

Incremental Probability, hpF

With Hosgri Without Hosgri

Accel., g

0.2

0.4

0.6

0.8

1.0

1.2

1.4

Annual pF..

FSE = 2.5

563x10=

1.89 x 10

2.24 x 10

1.85 x 10

1.13 x 10

5.48 x 10

2.26 x 10 7

8.44 x 10

FS = 4.0
E

1.64 x 10

8.07 x 10

1.17 x 10

1.12 x 10

7.56 x 10

3.99 x 10

1.76 x 10

4.60 x 10

FSE
— 2,5

3.20 x 10

6.11 x 10 7

2.03 x 10

2.80 x 10

1.10 x 10

1.16 x 10

FS = 4.0
E

9.30 x 10

2.60 x 10

1.06 x 10

1.70 x 10

7.40 x 10..

4.78 x 10

-5 -5
Without Hosgri, 30-yr pF

= 1.40 x 10 —3.40 x 10

With Hosgri,
-6 -52-yr p = 9.2 x 10 —1.69 x 10

F

FS = safety factor of equipment; i.e. ratio of median resistance to SSE = 0.4 g
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Table 4.8 Joint Damage of Piping and Equipment of Retrofitted Plant
(SSE = 0.75 g; FS . = 6.0)

p~pe,

Accel., g FSE = 2.5

With Hosgri

FS = 4.0
E

0.2

0.4

0.6

0.8

1.0

1.2

1.4

2.08 x 10 9

3.75 x 10

9.08 x 10

1.32 x 10

1.24 x 10

8.49 x 10

4.65 x io

4.82 x 10

9.44 x 10

3.19 x 10

. 5.50 x 10

5.86 x 10

4.42 x 10

2.62 x 10

Annual pF. 5.19 x 10 2.26 x 10

30-yr pF ~ 6.78 x 10 —1.56 x 10
-6 -5

FSE = safety factor of equipment; i.e, ratio of median resistance
to SSE = 0.75 g
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Sum:oar and Conclusions

Seismic safety of the Diablo Canyon Nuclear Power Plant has been

systematically evaluated, in. terms of the probabilities of adverse events

involving the dambge or malfunction of one or more components in the plant;

although these events in themselves may not be serious and may not necessarily

lead to serious adverse consequences, the occurrence of one or more of these

adverse events during an eartl;quake could potentially be a prelude to the

release of radioactive material. For this reason, the probabilities of these

events represent some measure of the safety of the plant as well as those of

its various components. The 'results of these evaluations are summarized

as shown in Table 5.1.

Observations

From the results summarized in Table 5.1, the following may be

observed:

1. The two-year damage probabilities of the existing plant, in the

presence of the Hosgri fault, are consistently lower (by a factor of about

2 to 7) than the corresponding thirty-year damage probabi lities of the

plant if the Hosgri fault did not exist.
R

2. If the Plant were retrofitted for an SSE of 0.75 g, and assuming

that the same safety factors can be approximately maintained for the

upgraded plant, the thirty-year damage probabilities of the upgraded plant,

in the presence of the Hosgri faul t, are also consistently lower (by a

factor of about 2 to 3) than the original thirty-year damage probabilities

considered acceptable during the design of the plant.



I

I
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Table (. I Summary of Damage Probabilities

Existing Plant

STRUCTURE

Retrofitted Plant

Life
Seismic

Environment FS" = 4 FS=6 FS =4

30-yr Without Hosgri 4.65 x 10 6.12 x 10

30-yr
2 yl

With Hosgri

With Hosgri 1.10 x 10 2.38 x 10

1.42 x 10 3.42 x 10

PIPING (FS = 6)

Existing Plant Retrofitted Plant

Life
Seismic

~ . Environment n = I n = 10 n= I n = 10

2 y With Hosgri

30-yr Without Hosgri

30-yr With Hosgri

3.05 x 10 2.96 x 10

6.44 x 10 5.46 x 10
"

9.25 x 10 8.68 x 10

W W

Existing Plant

EQU I PMENT

Retrofitted Plant

Life
Seismic

Environment FSE 2.5 FSE = 4.0 FSE=25 FS = 4.0
E

30-yr Without Hosgri

30-yr With Hosgri

2-yr With Hosgri

9.99 x 10

1.32 x 10

3 ~ 35 x 10

4.80 x io
2.21 x 10 1.32 x 10

PIPE DAMAGE AND EQUIPMENT MALFUNCTION

Existing Plant Retrofitted Plant

Life

30-yr
30-yr

Environment

Wi thout Hosgri

With Hosgri

FSE = 2.5

3.40 x 10

FSE = 4.0

1.40 x 10

FS = 2.5
E

1.56 x 10

FS = 4.0
E

6.78 x 10

2-yr With Hosgri 1.69 x 10 9.2 x 10

FS = safety factor against SSE, defined as ratio of median resistance to SSE.
for existing plant, SSE = 0.4 g; for retrofitted plant, SSE = 0.75 g.

n = number of potential damage locations in a piping system with statisti-
cally independent resistances.
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Conclusions
t

In light of the above observations, it can be concluded that

for an interim period of two years, the safety of the plant would not be"

compromised relative to that originally envi aged and accepted for its

design; that is, the risk associated with the operation of the existing

plant for an interim period of two years will be lower than the risk

initially accepted (based on the premise of no Hosgri fauIt) for a thirty-

year life. I<oreover, by retrofitting and upgrading the plant for an SSE

of 0.75 g, the risk of the retrofitted plant over a period of thirty years

will also be less than that originally accepted for its design; assuming,

of course, that approximately the same safety factors can be maintained

of the retrofitted plant.
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