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PREFACE:

His report was prepared for GREENPEACE International. %c work was started in
October 1988, and concluded in June 1989. The overall planning and coordination of this
study was performed by the chief contractor, the Gesellschaft fur okologische Forschung
und Beratung mbH, Hanover, Federal Republic of Germany.

L'- De main body of the report consists of 17 secdons, addressing the most important,m

problems of PRA. De sections are grouped into 5 narts: An introductory part; topics
3 concerning level I of PRA (events leading to core damage); topica concerning level II of.

| PRA (containmaat behaviour); topics relevant for both level I and II; and topics concerning
what we have called the "real world"- level -

.

Each section consists of introduction and summay of main problems, followed by a
detailed Wd dinamiaa

, ,

", Overall rampaanihility for the content of this report rests with the four authors.
2 .

De authors would like to express their gradtude to all those who have contributed to this
study by providing information and background material, or by conducting various tasks -

which were vital for the completion of the report. In particular, we wish to thank Imtz
Gartner, Hannover; Isthar Hahn, Wianhadan! Patricia Huntington, Cambridge / Mass.;

l Bjorn IQellstrom, Trosa; John I.arge, I *: Steve Shelly,.SanJose/Ca.; the Commissariat
L l'Energie Atomique, Institut de Protection et de SureteNucleaire, Fontenay- aux. Roses;
! the Groupement des %atintlues pour l'Information sur l'Energie Nuclaire, Orsay; and i

the Interantianal Atomic Energy Agency, Division of Nuclear Safety, Vienna. '

;

Hehmat Hirsch
Hannonr,home10,1989 ;

',
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SUMMARY AND
CONCLUSIONS t

Nuclear power plants repre. net a considerable hazard. They have the

potential for accidents leading to large catastrophic releases of radioactive

substances. Yet on the other hand, nuclear power plants are designed and )
~

built with numerous complex safety systems to control their hazard potential
Experience shows that this control is not perfect.

"In order to obtain quantitative measures for nuclear power plant hazards, the
method of "probabdistic risk assessawat" (PRA) was developed. In PRAs, it

'

' is attempted to determine the probability of severe reactor accidents with the

aid of complex mathematical and phenomenological models. (in so called ;

" full-scope" PRAs, acddent consequences are also assessed, and the overall
;

." risk" is determined, accounting for both probabilities and consequences.

.3 nose steps lie outside the scope of this study.)
.

Probabilistic risk assessment is used quite extensively in many countries e

today. Frequently, PRA results have been used to " prove" to the public how

small nuclear power plant risks really are. Recently, the policy importance of
PRA has haaama even greater.

In the wake of the Chernobyl accident, the International Atomic Energy
Agency (IAEA) formulated safety targets for nuclear power plants. The

4probability of an accident with severe core damage is to be below 10
7

I (1:10.000) per plant operating year. The probability of large, early releases is |
'

required to be lower by a factor of at least ten. His applies to present-day
plants. For future plants, improved targets should be achieved.'

IAEA claims that, at present, the targets are already met in those cases where

Q "well-omaged circumstances" prevail. According to the IAEA, PRA studies
i Linied in different countries yield results which are consistem with IAEA i-

|
safety targett

ne application of safety targets expressed in terms of probabilities clearly
relies on the use of PRA. Without PRA, such targets are meaningless since
there would be no way to check whether they are f'.dfilled.

Pas 4
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It is interesting to note that, even if results of PRAs performed so far are

accepted uncridcally, they do not altogether display the consistency with

h[ performed so far in the U.S. which take both internal and esternal events into
IAEA targets that is claimad For example, about two-thirds of the PRAs

T/ consideration as accident initiators result in severe core damage frequency
d

above 10 /yr.

It is also important to recognise that PRA results do not usually reflect the "as
. ( found" condition of the plant. Inevitably, opportunities are identified during

the course of a PRA study to make changes in plant systems and procedures, '

so as to rocuce core damage probability. Unfortunately, these changes are ,

usually reflected in the published study without an indlearian of their impact
on the estimated core damage probability.Dus, the PRA results usually
reflect the 'as fland" plant state.

Reporting only the 'as fixed" core damage probability, rather than including ~ |,

| the 'as found" core damage probability as well, can lead to distorted |
*

d percepdons when results of a limited number of PRAs are used to draw
'

\ 6+ =^-, ;-W inferences. This practice can result in an underestimate of the,
'

generic risk of core damage accidents because those plants which have not ye!

been analysed could have a higher 'as found" core damage probability, rather '

than the lower 'as fised" core damage probability which might be inferred <

from published PRAa. j

i
However, there is a more basic question related to PRA: Are probabilistic '

| . safety targets at all useful for policy purposes? More precisely: Can PRAs
I give reliable a=*i==*= for severe core damage frequency, and the probability |

L of early.=aemin=aae failure (leading to particularly large releases)? It is the
;

L purpose of this study to analyse the underlying assumpdons, the methodology l

| and the results of probabilistic risk assessment in order to identify its merits

,

and shor*==la-

Data Base

PRAs rely on input data such as the frequencies of accident initiating events,

or component failure rates. neir firn problem is the lack of fully adequate
data basea. nere are no clear-cut criteria as to how the basic data are to be

determined, and there is no uniform practice of documentation. A large

Page8
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amount of arbitrariness is involved when selecting data for a particular PRA,
and when combining data from different sources. Also, data collection and - I
compilation is a complicated and lengthy process. Hence, data banks can I
never be up-to date. There are delay times of several years between data j
generation and data access for PRA. Rare events, new phenomena etc. will I
thus not be included in data banks immediately.

lDe arbitrariness in data base selection can, in p.isiple, be reduced by using .a
plant specific data. However, this is not possible in practice; the use of l

generic data cannot be avoided. Furthermore, even insofar as plant-specific El

data are available, they must be collected first.De plant must have operated i

more than ten years 'in order to generate any usable data (even then, their

bandwidth of uncertainty will be considerable). Hence, the PRA will be i

Malahad at a time when the plant is already estering the latter part of its
operating life - whether targets are met or not, is thus more or less decided a '

0 '
u

,

Basicquestions of .

Methodology e;

De first methodological problem of a PRA is that its completeness can never '

be guaranteed. Due to the complexity of the system under study, possible

09 accident initiators or accident sequences are bound to be overlooked, or

underesdmated in their severity. Inoced, there are severe omissions even in

recent makr PRAs, demonstrating the g' m of this problem.

Another makr problem is the uncertainty of the results. All input values of a
PRA are random variables. In order to esdmate the failure probabilities of

f complex safety systems, those input variables are camWaad with the aid of

| complex log! cal structures (so called " fault trees'). Deir uncertainty margins
propagate through the analysis of those fault. trees. Hena, the results - severe

core damage frequency, and other probability statements - are also random

variables beset with a considerable bandwidth of uncertainty.
9

Thus, it is not appropriate to only consider the v%n value (mean
value) of severe core damage frequency when Mag whether safety targets

dare met. Even with the mean value well below 10 /yr, the probability that the
4unknown "true' value is higher than 10 /yr can still be considerable. A

1

|

Pages
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,a. conservative approach demands that the 95% or 99%fractile be taken as the
yardstick (by definition, the value of a random variable is smaller than the

95%fractile in 95% of all cases). If the latter is selected, there is hardly a- |

PRA pedw 54 so far w'aose results conform to the IAEA safety targets. De j

IAEA does not commant on this problem and 'gives no hint as to which l

yardstick they consider appropriate. I,

1

his problem is exacerbated by the fact that uncertainty bandwidths of input-

'

variables are often underestimated in PRAs. %us, the results are more

uncertain than claimad The bardwidth of uncertainty of the results is further

increased by correlation between input variables (input variables which are <

correlated are expected to vary according to a ' common pattern, and not

independently of each other).
.

In addition to this, and worse still, correlation between variables also leads to .

an increase in the v= don value (the mean) of severe core damage
.,

'
frequency. Nevertheless, this problem is usually ignored in PRAs; no

*

correlation is mammad for computarianal convenience. It can be shown that

h . high correlation leads to such large error margins as to render the results of

PRAs practically ==aine, unless the error margins of the input variables ;

t - are smallindeed.

Dependent Failurest-

|- D"at faGures occur when several components fail simultaneously or
consecutively, due to a mmman inana- D"at failures play a major
role in NPPs, as in all complex systems with several parallel trains serving the

same purpose. For some important safety systems, they are indeed the ,

da=3ae=* faDure mode. Yet dependent failures are extremely difficult to

incorporate in PRAs. The methodology is focused on independent failures,
- and dependent failures must be added in fault trees as an afterthought.

NI Usually, the treatment of dependent failure in PRAs is not complete, even in ,

i major recent studies.

The database for dependent failures is particularly immit his can lead to
extremely large uncertainty of results. De data base is further reduced by thes

j necessity of data screening, to account for design differences which may

render particular data inapplicable to a plant under study.

l

..
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. Rather substantial dependent failure ram can often be found in the<' x .

N literature, emphasizing the important role of dependent failures. In some ,

?1 cases, on the other hand, very low values for dependent failure rates are r

'( derived.1hese values, however, cannot be regarded as reliable. |,

Dependencies between fauure rates and inidating events are not sufficiently'

allowed for in PRAs.1his tesults in an undc 7adon of system failure :
N prahahilirianisince, for a-ala, failure rates at real demands may be higher'

than for test a==ada |d

Furthermore, no igeced,we or model is available that is well established and
,

y capable of yielding reliable and reproducible results with a well-defined and

[ b ="-i-- 1 narrow uncertainty range.1he study of the same system by7
difEarent teams of analysts can lead to results differing by several orders of -L-

,

magnith
L

i This is yet another reason why PRA results are beset with high uncertainties.,

? The severe core damage frequency as currently estimated is likely to be toog
| low because of!Wete enamidaration of dependent failures alone, even if

allotherproblems are disregarded.

fThe Human Factor
In PRAs, only the most simple kind of human error (errors of omission) is

| taken into consideration. Even so, the contribution to severe core damage

| q frequency is high (in some studies, over 50%). The problems manaeinted with

j human error are:1 hat there are many different kinds of human enors; that
'

,

| human error probability is particularly high in' times of stress; the estimation
'

L of this probability is beset with many uncertaindes; human error is an

| important potential cause for dependent faDures; and different errors can be
highly correlated.;

.

;, Apart from ' simple" errors of omission, there are many posstile error modes:

L $, Errors in design, construction, fabrication, and mala'manacer actions against
\ safety rules; errors due to wrong interpretations of plant status; erroneousi

acdons at critical points; errors of management and administration etc. PRAs

attempt to include simple, or roudne, human errors. Complex and gross

! reen s
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"

human errors -like those which occurred at Chernobyl, or those at the f_

management level - cannot be included in PRAs.
]

.

The basic psychological problem is that, as messured according to simple,
k 9 day-to<isy experience, severe accidents have relatively low probability. Rus, j

'

the operating personnel have no acute feeling of danger, and do not. at heart,
1

take the hazards seriously. ,

In a typical accident situation, the operators are required, after a long quiet
period where the plant ran automatically, to react ==adiately, efficiently,i

.

F
'

and without error. 'Ibere is a sudden change from a situation with a very low.

stress level, to extremely high stress. Lage masses of data will suddenly pour
in; and operators usually have no practical experience in dealing with such -

events.

Risk sidgts have put considerable efforts into =ad=Hia= and quantifying
,

it human behaviour. Yet the models remain far too simple and the data base for
.,

qunneiha'ian too unreliable. Notably, since severe accidents are rare events,
'

data usually are obtained from ai=nlatar esercises or expert estimations. I

p ness data do not reflect the psychological machania== relevant to actual -

gl accidents. Also, for purposes of PRA qa-*% a subset of relevant
human actions is modelled, while actior sequences that are more complex

,

i and therefore difEcult to model are neglected. Unfortunately, it lies in the ;

L character of those more complicated action sequences that they produce the

most surprising and thus most dangerous effects. Among other events,

voluntary violations of safety rules can never be q==~Nd Such violations;

L can occur in many ways, and very different motives can lead to them.
L

([/p lacrea~ sing automatian and reliance on computers provides no way out, since .

it leads into the wide and dangerous field of software errors. Software errors

are a special category of complex human errors and are correspondingly.

difBeult to assess quantitatively.

E Reactor Pressure Vessel
Failure

| Reactor pressure vessel failure constitutes a speaal case amongst all internal

accident initiating events: If the vessel fails, it is unbly that safety systems

i

Pues e
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will prevent severe core damage. Thus, pressure vessel frilure is a whole
{

accident sequence in itself. Even without further system failures, it is likely to
lead to a severe accident. It can even be coupled with early containment i

. failure. 'i
~t,

in all PRAs known to the authors, the probability of pressure vessel failure is '
.

namn=d to be so low (mosdy below 10'7/yr) thatit gives no signi5 cant
contribution to risk.

1

L A different picture emerges if the problem is analysed taking into account
esperience with non-nuclear vessels, e.+.Ariments and tests with reactor

j materials, and theoretical calcularinna in fracture mechanica A failure rate
L which is lower then:104/yr cannot be accepted as a conservative estimate.

Thus, pressure vessel failure has to be considered as a relevant risk

contributor. The possibility of vessel failure with fragmentation as a cause for
7 early containment failure cannot be disregarded, particularly for nuclear,

! - P power plants with small containnwnt types.
|

| Cogialmanmat Be|ggyloggr

(levelIIof PRAs)
I' Accident sequences involving early failure of the containment typically lead

to very high releases of radioactivity (although late containment failure can

also lead to a significant release). Hence, the most imp 9rtant issue by far in
level H of a PRA is to identify possible modes of early containnwnt failure,
and to assess their probability.

Potential failure mach =aie== for early containment failure include:

. Reactor pressure vessel failure with subsequent missile induced
p containmant damage

Containment bypass.

High pressure melt ejection (HPME).

. Containment melt-through
L . Hydrogen deflagration and detonation

Steam explosions.

| Certain external events..

Reactor pressure vessel failures and external events are considered elsewhere.

Pase ts

. . . . - . , .

|;'
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Two :najor possibilities for containment bypass are steam generator tube |-

rupture (SOTR), and failure of containment isolation. Bypass via a j
connecting line also has to be taken into account. Steam generator tube :j

h rupture as a consequence of a core melt accident is not considered as a

machaninen for early matamenant failure in most PRAs. However, SGTR as j
- accident initiator, failure of enneminenant isolation, and bypass via connecting i

lines are often canaidared to some extent in PRAs, as are high pressure melt

ejection and containment melt-through. ;

.!

q Currently, there is general agreement that in case of high pressure melt ')
I ejection, the potential for early containment failure exists, and very high |

L releases of radioacdve substances can result.
'

y 'Ibere are two other major hazards, however, which are treated in far too
*

r optimistic a manner in PRAs: Hydrogen detonation or deflagration, and
,

. g steam explosions.
7

|
Hydrogen Detonation or

| Deflagration ,

'

The generation of Hydrogen during a core melt accident is a very serious
'

,

problem. It is very difficult to derive a maningful probability estimate for

f early containment failure due to Hydrogen detonation or deflagration.
,

'

Probability calculations as attempted in PRAs, for example in the U.S. study
NUREG 1150 (draft No.1), can be shown to be meaningless, and based on

mmP etely arbitrary asumptions.l

'
As ;=ahdaa is very difficult, only a rough qualitative assessment can be

_

F given for the lhlihaad of early containment failure.

Detailed calenlatiana show that for a PWR with a large, dry containment, for f|
'

s example, conditions during a core melt sequence can be such that
contalamant-destructive Hydrogen detonations and deflagrations are

'

; possible during a considerable period of time (for about 40 hours).

It is impossible to predict the exact time of occurrence of a Hydrogen burn.
\

Conservatively, it must be assumed during an early phase of the accident, thus

leading to early containment failure. A high source term will result in this
case. Counter measures as currently plannad - and given credit in some PRAs

* **
f,
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. - are of limited value at best. ney might even be counter-productive in some 24 .

;; )e,,,,,
,

'

|

Steaum Explosions
'

Here is no crrent scienti5c basis to give a meaningful upper limit (less than
; one) for the probabuity of a signi8 cont steam explosion occurring when the |

molten core comes into contact with water. Thus, the only responsible way to . |
treat steam explosions is to assume their occurrence in case of a core melt

. with low pressure in the primary system. ne compulsion, evident in PRAs, to- '',

,

produce quandtadve probability a=*i==taa has led to many errors and to <

,

confusion as to what the state of knowledge really is.

This point is of particular importance since in PRAs may be often mammad

that only Mf--i,. - re accident sequences (leading to high-pressure melt i

ejection) can cause early matninmant faihire, and therefore measures are,

P planned in case of as accident to reduce primary pressure and to deliberately
reach s low-pressure sequence. Because of steam explosions, this is rather

g
like avoiding Scylla in order to run into Charybdis.

,

t

Estetinal Events *

L External =~ielant initiating events are often not included in PRAs since it is
'

-

\ extremely +-5-"i to assess their probabGity of occurrence, and the,

'

==arp- for the plant status. Yet external events give high contributions
to severe cose damage frequency; in some cases where they were inch 4ed in
PRAs,their contribution has aw 50%.

De most important external events are earthquakes, fires, and, in some

| cases, internal tad external flooding. Attempts to c'atermine the probabilities

| for earthquakes of different magnitudes at a given site usually lead to no

'

more than the observation that probabGity decreases with increasing
magnitude. Parallel to that,the uncertainty of probability estimation increases'

I considerably at higher anagnitudes. Thus, particularly for the most relevant

k %" quakes (magnitude 5 and higher), reasonably accurate probability esthnates
j are not possible. It is noteworthy that where PRAs have considered

| earthquakes, their results, taken at face value, indicate a substantial

contribution from earthquakes to core melt frequency.

,

I

I
.
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Dere are many other problems associated with external events; these, ,

problems cannot all be treated within this study. As an example of

\ " man-made" external events, the crash of a military aircraft on an NPP is _
'

i considered. In countries with a high flight density, the contribution to risk is -
'

F non-negligible. This problem is exawrbated by the fact the during the last
years, military aircraft have developed rapidly, getting faster and heavier. i

Plant designars, and risk analysts, have not kept step with this " technological i
~

I' progress".
,

,s.

L' A special case of external events are acts of war. Military attacks are never

f ) f included in PRAs, even when other external events are. It is plainlyi t

|~
impossible to derive meaningful probability estimates. Yet it can be shown

'

that the possibility of the destruction of a nuclear plant by conventional;

weapons exists, and indeed nuclear plants have already been subject to
,

{l miliary attacks. Thus, there is no basis for the claim that the (unknown and .e

u unknowable) probability of such attacks is negligibly small. %e problem is
exacerbated by the fact that nuclear plants are very vulnerable to attack. For

example, a small-scale air raid with conventional bombs would be sufficient

to destroy a plant and possibly lead to catastrophic releases,
t

Aa4 dant Managesment

The concept of accident management has been increasingly studied and

developed in recent yean, and is beginning to be introduced into PRAs. De
"

idea is that even after vital safety systerns have failed, an accident can still be

' managed" by huprovising the use of other systems for safety purposes, and/or

by using safety systems in a different context than criginally planami The aim
is to avoid severe core damage whenever possible; or, failing that, at least to

avoid early contmiamant failure.,

Accident management places increased reliance en operator intervention,. . .

{ since accident management strategies must be implemented by the plant

personnel. The possibilities of ninmlasar training, however, are limited.

Hence, there is large scope for human errors. Als is enhan-i by a serious
pressure of time in many cases, which will create high psychological stress.

For this reason alone, the significant reductions in severe core damage

frequency and early containment failure probability which have been claimed

raen u
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in PRAs (for example, in the German Risk Study, Phase B) appear
' '

completely unrealistic.

Furthermore, accident management, even if performed as planned, might j>

prove ineffeedve, leading from one severe accident sequence to anotherjust j
as hazardous. In some cases, it can even be counter productive. !

Many questions still remain open in connecdon with accident management.
In the case of the German Risk Study, certain accident management ]

f .
measures are considered which cannot be performed in present-day German <!
reactors, and require complicated and expensive backfitting of safety systems. J

t'
Yet those measures have already been taken into account when assessing I

accident probabilities.
,

Unexpected Plant Defects
'

'

Unespected defects may arise from improper design, construction or.

.#

==ia*aaaaaa or from unexpected changes in material ptoperties. However,

g h ' all significant defects in this category share two characteristics. First, they can
.

'

I
cause aampanaa*= and structures to behave in ways not consistent with plant

=pacisameiaan and safety regulations. Second, they will not be reliably ;

detected through routine inspecdons and tests. As a result, the risk analyst '

will find it difBeult - and in many cases impossible - to identify and ascribe
probabuities to failures which might arise from unexpected plant defects. -

Many ases of unsspected plant defects have been reported in the past. 'Ibey
lachula the following categories: Piping stress exceeding code limits;
incorrect hardware, or incorrect installation of hardware; lack of fire seals for

c electrical cable penetrations; electrical wiring errors; errors in electrical,

insern=aaratian and control chwits; and electrical and control panels not
amiamically supported.

In most cases, such defects cannot be included in PRAs, since they cannot allg

be foreseen, and there is no e%=+= basis for the estimation of failure
probabilities.

,
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IUnforeseen Physicalo

; Proessees
F 1

PRAs can only address madas of plant behaviour which are expected and )
,

which are well understood. It is therefore noteworthy that there have been
!

,

several instances where hitherto naavad processes have been identified. )
,

'

PRA analysts are bs: ' fi seeking to identify and account for such

phaaama== However, they cannot be certain of reliably anticipating all
hnportant phanamans

.

)L Sabotage so far has never been included in PRAs, and there appears no (
'

i

prmpoet that this will change in the future, for two compelling reasons: First, |

l' it is not credible to predict the probability of future sabotage events based on '1

the historical record to date, haand it would be inappropriate to publish a !
., detailed analysis of sabotage scenarios and their likelihood of success.,

,

;

h sabotags will romain a factor which would innease the probability of a
core rnelt accident, or the probability of a large source term given a core ;

melt, by an unknown amount. De historicai rocord of sabotage suggets that
this unknown cuandtyis not trivial.

.
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Conclusions
i

Probabilisde Risk Assasamane (level I and II) is not an adequate tool to

p determine the frequency of severe core damsgo, or the probability of early
.

I
containment faGure, or the probability of other accident categories. |

;

Even the most " simple" aspect of PRAs (modelling accident sequences taking i,

^
into account solely internal initiadng events, component failures, and human<

s
errors of aminalan) is beset with uncertainties which yield very large error
margins. De error marsms are still larger when containment behaviour is

L considered. In many cases, this is compounded by systematic underestimation
!' f ofaccidentprobabuities. t

.

| Furthermore, many imponant contributors are acluded from PRAs:

| .; C+-- "- - M forms of huanan error; many forms of unavpacead plant defects; ;
' '

unforeseen physical processes; sabotage; and acts of war. Many PRAs even

| v-g ':^ 'y esclude external accident initiating events.
'

?
Dus, the result of a PRA is not an antimata of" severe core damage '

frequency". It is, rather, a form of risk-indicator with a severely limited scope,
_

useful only for limited purposes. ne "true' severe core damage frequency in
fact would be this ine'icator times an unknown factor which is larger than 1
(taking into account the inaccuracies and optimistic assumptions in those

areas which are included in PRAs, as damanatrated in this study); plus
another unknown factor which is larger than zero (taking into account the
issues which are omitted in PRAs): Or, x (g n) F3 # /

SCDF = (FRA result) x (unknown factor No.1),+ (unknown L No.2)
i

A similar equation holds for estimates of early containment failure. '

%e practice of referring to PRA results as accident frequencies is thus

=Maadi== and should be ahandanad It constitutes a perversion of a

methodology which has withaut doubt - if its limitations are kept in mind -i

L number of useful applications.

|
|

'
.

, ,<w, , , 4-,w ,,,,,__..e--....-.. -w. _ _ - , , . , _ . - , _ . . . . , _ . _ , . _ _ . _ _ _ _ _ _ _ _ _ _ _ _ , , , _ _ _ _ _ _ _ _ _ _ _ , _ _ _ _ _ _ _ ._.__-___________--m__,_______,e_
- -



n
-

3y. y .

.

-a. j
.. s

3

|
..

;
e .
<,

LARA saan,Tarmas and h

%erefore, the IAEA safety targets are useless for policy purposes. It cannot

be reliably deterndned whether a panicular plant meets them (although 6j
findings from current PRAa, taken at face value, suggest that most plants / |

h currently do not). Any claim that PRAs show that probabilistic safety targets"

are more or less met is wahful thinking and might be dangerously misleading.
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Probabilistic risk assessment (PRA) is extensively used in many
countries today. In 1988,.the importance of estimating nuclear.,

,

accident probabilities was significantly increased further: The !s'
International Atomic Energy. Agency (IAEA) published
"probabilistic safety targets" (i.e., limits for accident

j
probabilities). -

.In its. report " Basic safety Principles.for Nuclear Power l,

PlantsSr(safety"seriosa:Nov-75-INSAG-3) thew 1AEA recommends the
targerthat'r fora existingunuclear.2povest gants, then probability :of *seveswacore-danspot should be below"10 (1/10.000) per plant
operating year. Accident management and mitigation asesures
should, accordingnto' ZAEAp reduce by a factor of at least ten ,,

the probabilit of lar g off-site releases requiring short-term ~ 1

10w-10- pes' plant' eting: yearD. For future: responses-(to.
L plantsy improvedsgoalet should be a eveda(probabblities lower
i by a ' f actor of ten) (Para. 35 of 75-INSAS-33. (In the IAEA

report, it is not explained in detail what as to be understood
by large: releases requiring.short-term responses. For the,

purposes of our study, we assuna that accidents with early
fallure of the containment are meant.) ,

..
.

IAEbeclaissethatr at=present,'.the.targete for existing. power ]
*

plantsaare alreadyrmet11n thosencases-wherew*well. managed
circumstances "prevaile(Para. 11). In particular, IAEA statess
that probabilistic safety =======aat'(better called
probabilistic: risin=========tr PRA) as< performed. so.' tar in

',

differentrecountrieor gives<results-whicararerconsistent with +

IAEA safety targets >(Paratt 54).

The great confidence..IAEA has in probabilistic risk assessment
is expressed even more pointedly in another publication (IAEA,
1988):: ,

"The chance of a severe accident occuring at a nuclear power
plant is extremely small. For existing plan *,s, conservative
assessmentsiput the. probability of severevaccidental. damage to !
a' reactorr or-itssnuclear fuel-at.1 in 10.000 years of operation '

'

L of a well-designed;plantt The picture is brighter for
tomorrow's even better designed plants, with a 1 in 100.000
probability per reactor year of a severe accident. Still, if
the improbable.woresto occur, offactiveraccident management and
containment measuressat these. plants.would reduce.(by a factor
of 10) the-likelihood.of significant environmental releases of
radioactivity and the< concurrent need for off-site emergency,

'

response."

Clearly, statements of this kind presuppose that reliable and
accurate methods exist to determine accident probabilities.

Since the Chernobyl accident, the IAEA has significantly
expanded its own activities in the field of PRA, following a

19
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high priority recommendation of the Chernobyl Post Accident
.

*

Review Meeting. The IAEA activities concentrate on:
1

- guidance on how to perform PRA and to interpret results;
!- fostering the use of PRA resultar
t

- human reliability analyses. )
i

Eighteen states are participating in the IAEA inter-regional
programme on probabilistic risk assessment. Under this
programas, among other activities, the PSAPACK (Integrated PC
Package for PSA level I) was developed (Boiadjiev, 1988). This
package is specially recommended for training purposes.

In level I of PRA, it is attempted to estimate the probability |

,

of severe core damage accidents by describing, step by step, lsequences leading to severe core damage. Complex fault trees
iand event trees are used, thus combining the fmilure '

probabilities of individual plant components.
Fault trees are employed to determine the overall failure
probability of a safety system. Many different individual
component failures are combined in a fault tree, at the end of
which is the single event " system failure". The overall jprobability of system fallure can, in principle, then be
determined: It is the sua of the probabilities of all )combinations of individual fallures leading to system fallure. I

(This is a soaswhat simplified picture. The possibility of'

i ;s dependent failures in reality makes fault tree analysis much
t

more complicated, see section 7) An example of a fault tree |
; (from the U.S. study NUREG-1150) is given in flg. 4.1. |
' ' Event trees are used to determine the probability of severe '

core damage resulting from a particular initiating evcGt. In j

this case, an individual event (e.g., small-break IOCA) is at !
the beginning of the tree. The tree then branches out, '

modellir.g possible accident sequences The safety systema j
required are listed, and for seoh safety system, the tree !

branches further (according to whether it is operational, or j
not). At the end, there are several event sequences, some ,

corresponding to severe core damage, and some to a controlled
,accident. The probability of each sequence is determined by :

multiplying the probabilities of the individual stepet safety '

system failure probabilities being providea by the fault tree i
analyses. An example for an event tree (from tt.a German Risk

,

Study) is given in fig. 1.1.
>

Furthermore, in level II of PRA, the probabilities of different |

failure modes of the reactor containment (if a severe core !

damage accident has occurred) are assessed taking into account i

the load the containment is exposed to in various circum-
stances,. the probabilities of containment isolation failure,

,

etc. The amounts of radionuclides released (the source tera) ;
for different accident sequences are estimated. Finally, in
level III of PRA, the consequences of the released radioactive- P

materials to public health are calculated (level III). :

The purpose of this study is to analyse the most recent PRAs, ,

regarding existing plants as well as the potential for '

,

20
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improvaants, in order to investigate whether they can credibly*

support the IAEA's claims and targets. The study concentrates
on.the eatination of probabilities (hence, it contains only
short references to source terms, and will not deal with level
III at all). Thus, the main question ist How large is the
probability for a reactor accident with severe core damage, and
the conditional probability for early containment failure
(accompanied by particularly large releases) after severe core
damage; and how accurately can those probabilities be
estimated?

)

The authors are aware of the fact that source tera estination
today is one of the main issues of the ongoing debate on
nuclear hasards, and that no risk study is complete without ;

consequence estination. The almost complete omission of those
}topics does not imply that we regard them as unimportant. s

)|
However, it is the aim of this study to deal with the

. " probability aspects of PRA, and in particular, with the IAEA's
! probabilistic safety targets. ;

An important issue in connection with risk studies is the i

i definition of the concept of risk. In PRAs, the risk of an !
accident category is defined as the product of probability and ,

consequences. In view of the unique character of accidents with .

Very large consequences, it can be doubted whether this !

definition is adequate. An alternative concept giving more ,

weight to low-probability, high-consequence accidents might be !

I called for. This probles, however, transcends scientific !
,

'

analysis and is not further discussed here. |

The study deals exclusively with Light Water Reactors j|

(Pressurised, and Boiling Water Reactors), which constitute ;

about 75 % of the world's commercial power reactor population
'

(trend increasing share), and for which most PRAs have been !

. performed so far. To a large extent, the results will also be ;

I applicable to other reactor types (Gas-Cooled Reactors, Heavy >

*

Water Reactors, the Soviet RSMK design, Fast Breeders, etc.).
However, it must be noted that those reactor types do not !

completely share the accident vulnerabilities and accident i

phenomenology as discussed in this study for Light Water |

Reactors. |

| It is interesting to note at the outset of this study that
'

:' current PRA results - even if accepted uncritically - do not

| support the IAEA's claims. In the US, 38 PRAs have been '

performed so far (until January 1989) for 22 different plants.'
,

All of them dealt with core damage accidents initiated by -

internal events; only 16 included external events (such as
earthquake, fires, plane crash etc.). ;

I

Severe coge damage frequency due to internal events alone wasabove 10" /yr (the IAEA target) in 14 cases (37 % of the total {
of 38). In the subset of PRAs where it was determined, severe
core damage frequency due to internal plus external events wasiabove 10" /yr in 10 cases (63 % of the total of 16) (MHB,
1989).

'

21
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Purthermore, a simple calculation demonstrates that even if ,' {
IAEA safety targets were met, severe accidents in nucisar power- I

plants would be relatively frequent events. With about 4s0
power reactors operatin world-wide in 1990, a severe core |
damage frequency of 10*g/yr results in an overall accident

|probability of about 0,05/yr (thus, if the number of operating i

reactors remained constant, one severe accident would, on 1

average, occur every 20 years somewhere in the world). )
We wish to emphasise that it is not the only purpose of PRAs to
give quantitative estimates for accident probabilities, and j
risks. On a purely technical level, FRAs can be used and are i

used as a tool to identify in a systematic way design and/or
operational weaknesses in a nucisar plant. PRAs can be useful

]when analyst.ng particular safety systems, comparing alternative
designe etc. Those. limited applications of PRA are not the
subject of this study; the problems and shortcomings identified
bero render such applications difficult and complicated in many- !

cases, but do not altogether preclude them. -]
IWe are also well aware of the fact that risk analysts in many

countries are working hard to further develop PRA methodology,
and to overooms PRA weaknesses. It is only natural that in a
congtex field like risk analysis, perfection cannot be i
acateved, and different factors are modelled with significantly- )
differing reliability and aocuracy. Furthermore, it is not the ;

fault of risk analysts that sons, risk contributors completely i

g defy every attempt at quantitative probability estination, j

our concern lies with the fact that PRA results are claimed to !

give meaningful estimates for overall accident probabilities, !
and thus can be used as a basis to decide whether nuclear plant !

risks are acceptable or not. It is this application of PRA
'

,

results, and this application alone, that our criticism is
aimed at. ,

;
!t

'

Before entering the discussion of the limits and shortcomings i

of PRAs, an overview of PRA development and current use is
given. As PRA was "f.nvented" and first applied in the United
States, and most PRA work to date is still performed in this ;

; country, the development and use of PRA in the U.S. receiveu !
t

L special attention.
r

|

*

i

t

i

h
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2 ' DEVIIAFMENT AMD USE OF PIA IM TER IntITED STATES !
t

!

2.1 asacTom SAr Tv Annz.YSIS paron to INTaooocTrow or Pan }
WASH-3' I,

i

At an early stage in the development of nuclear reactors, it i
was understood that reactors could suffer accidents which ;

liberated radioactive material from their fuel, with the ,

possible release of that material to the surrounding |

environment. This potential was recognised in 1950 by the |
Reactor Safeguards Committee of the US Atomic Energy Commission ;

(ABC), in its report WASM-3 (ABC, 1950). |

Accordingly| WASH-3 articulated the concept of an " exclusion
radius," defined as the radius of a circle around the reactor i
within which people would not be permitted to live. The |
formula adopted for this radius R (in miles) wast |

R=0,01(P)1/2 i

e

where P is the reactor thermal power in kW. Thus, a 30 MWt :
i

reactor would have an exclusion radius of 1,7 miles (2,8 km), !

while a 3000 MWt reactor (typical of modern commercial
..

reactors) would have an exclusion radius of 17 miles (28 km). |
4

The Reactor Safeguards Committee was particularly concerned I
about reactivity accidents, in which a surge of power leads to i

fuel amiting and disruption of the reactor structure. Just ;

such an event occurred at chernobyl Unit 4 in 1986. 14ss .

*attention was paid by the committee to the possibility of fuel
asiting due to inadequate removal.of decay heat after reactor !

shut-down (okrent, 1981). This latter scenario, which became a !

reality at titree Nile Island Unit 2 in 1979, has become the ;

major preoccupation of analysts studying the safety of light j
water reactors. ;

| It was soon realised that the WASE-3 exclusion radius would
I allow few sites in the United States to qualify for larger i

reactors. Thus, within a year or two of publication of YASH-3,
pressure develc, pad for a relaxation of the exclusion radius. |

'It was insteed argued that a containment building,could be
constructed arouad the reactor, so that large quantities of
radioactive material would not reach the environment even in <

'

the event of fuel amiting. The first reactor built under this
principle was the submarine Intermediate Reactor, which was
equipped with a spherical steel containment and built at West ,

Milton, New York, at a site with a reduced exclusion radius. t
'In 1957, the first " commercial" nuclear reactor entered service

at Shippingport, Pennsylvania. This reactor was equipped with
'a containment building and was located at a site with an

exclusion radius much smaller than that recommended by WASH-3 |

(0,4 miles instead of 4,8 miles). All subsequent commercial I

reactors in the United States have followed this precedent :

(Okrent, 1981).
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WASH-740 j.
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,

As plans developed for a commercial nuclear power industry, |concern arose that the industry's growth would be stifled by ifear of liability for damage to the public in the event of a
irelease of radioactive material. To provide a technical basis

for consideration of this problem, the ABC submitted to the !'Congress in March 1957 a report, designated WASH-740, with the i

"

title " Theoretical Possibilities and Consequences of Major )Accidents in Large Nuclear Power Planta (ABC, 1957). Sixa
tmonths later, the Congress passed the Price-Anderson Act, which

limited the industry's liability in a major accident to $560 ,

imillion, of which all but $60 million was at the time i
underwritten by the US government. This law, said then to be a I
temporary measure to encourage private industry to enter the ;nuclear field, was unique in shielding an entire industry from '

full liability for potential public damage arising from its ;
operations. 'i
WASN-740, prepared for the ABC by the Brookhaven National i

Laboratory, evaluated potential accidents at a hypothetical 500
MWt reactor. Source tera estimates were made for three "hasard
states", which correspond to progressive degradation of the I
three major barriers (the fuel cladding, the reactor coolant '

system boundary, and the containment) against release of i
radioactive materials. The three hazard states were:

.x ,

| '

(i) Major damage to the first barrier (the fuel cladding) |but no release outside the reactor vessel. A subjective '

estimate was made that tp probagility of such an event would
fall in the range of 10~ to 10~ per year for a typical
reactor. ;,

(ii) A situation in which there is not only major damage to
the core but sufficient fuel damage or molting to lead to ,

release of the radioactive materials outside the reactor ;

vessel. However, it was assumed that the containment remained '

intact, thus preventing a major release of radioactivity to the '

environment. This hasard state is similar to the accident
conditions assumed in the 1960s in TID-14844, described below.
The authors 0f NASE-740 subjectively estimated a probability of ;

10"3 to 10"4 per reactor-year for this hasard state.
|
I(iii) Major damage to the core and cladding, complete molting

or substantial molting of the core, and failure of the last
'

barrier (the' containment). The subjectively estprobabilityofthishasardstatewasgivenas10~gaated 4to 10 per |
reactor-year. '

The probability estimates mentioned above were not the product
of scientific analysis. Indeed, the authors of WASN-740
concluded that it was " essentially impossible to assign ?

dependable quantitative values" to the probability of system
failures leading to serious accidents. Instead, the authors
sought expert opinion. All the experts contacted felt that the
probability of a major accident was " low", but many of them
declined to make even an order-of-magnitude guess as to its
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* magnitude. Othere were willing to make guesses about the

probabilities of particular hazard states.

The " Maximum credible Accident" and 10 CFR 100

During the 1950s, many in the AEC and the nuclear industry ,

convinced themselves that the most serious accidents, such as 1

the third hasard state identified in WASN-740, were so unlikely )
as to be not credible for practical purposes. Thus developed i
the concept of a " maximum credible accident", which found a j
formal expression in the AEC's first generic reactor siting <

regulations, 10 CFR 100, which were promulgated in 1962. i
i

The 10 CFR 100 regulations were based upon an ABC report I

designated as TID-14844 (DiNunno et al, 1962). That report !
asserted that the maximum credible accident (now referred to as '

the " design basis accident" or DBA) would result in a release ,

to the containment building atmosphere of 100 percent of the
noble gases, 50 percent of the iodine, and 1 percent of the ',
remainder of the fission product inventory. The containment '

was assumed to rammin intact and to leak at a small,
predictable rate (0.1 percent of volume per day). Although !

arbitrary and without scientific foundation, the hypothesis of
a maximum credible accident -- and its associated TID-14844 j

source ters -- has had a profound effect on safety regulation -

.

#

and design of nuclear plants. The TID source tera became
'widely used by the ABC and its regulatory successor, the U$.,

Nuclear Regulatory Commission (NRC). It provided the basis ;''

for a source term incorporated in NRC Regulatory Guides 1.3 and i

1.4, which provide the basis for accident evaluation in i

utility-submitted Final Safety Analysis Reports (FSARs). Also, ;

it is used in site suitability assessaants and in establishing
safety equipasnt environmental qualification standards. Until !.

! 1979, the TID source ters (and the low population sone
! established under 10 CFR 100 using the TID source tera) formed ,

i the basis for offsite radiological emergency planning. It has 6

also been used in defining what constitutes radiological
sabotage (deliberate acts must result in offsite doses
exceeding the 10 CFR 100 limits to be officially classified as'

radiological sabotage).

The occurrence of a partial core melt accident at Three Nile
Island Unit 2 (a 880 MWe PWR) in 1979 demonstrated conclusively ,

| that the assumed maximum credible accident was no such thing. ,

'
Yet, NRC regulations still rely heavily on that out-dated
concept.

WASH-740 Update
!

In mid-1964,in anticipation of the expiration of the Price-
Anderson Act in 1967, the AEC commissioned Brookhaven National
Laboratory to revise i.he WASH-740 study. Many AEC officials
hoped that the new study Would show that the consequences of a
severe accident would be lower than were estimated in WASH-740'.
However, the Brookhaven team soon concluded that there was no
basis for such a finding. Indeed, because larger reactors were
being proposed in the 1960s, the public health consequences of
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a severe accident were predicted to be considerably greater .'
i' than were estimated in WASN-740 (Ford, 1982). ;

-

1

The ABC's steering committee for the study also hoped that new
information could lead to a scientific finding that the
probability of a severe accident was very low. However, the
Brookhaven team refused to work on this probles, believing that 1

there was no dependable statistical bamis for estimating |
accident probability. As the sinutes of one steering committee i

aseting noted (Ford, 1982): i

r

"The matter of probability was brought up, and the BNL !
JBrookhaven National Laboratory) representatives stated that, |

an their opinion, no significant scientific progress could be !
made and they proposed not to study it...........The BNL i
people......... insisted that they not consider probabilities of |
accidents." i

P

;' By late 1964, as the study neared completion, the steering .

comunittee became concerned about the implications of the i
study's publication. Records show that they were reluctant to

,

publish any report that could " strengthen opposition to further i

nuclear power." According to the minutes of another meeting,
they believed that the " impact of publishing the revised WAsN-
740 report on the reactor industry enould be weighed before
publication." In fact, the ABC suppressed the study, and its ;

contents only cans.to light following a 1973 request under the ,

i Freedom of Information Act. The ABC coulaissioners merely sent ;

to the Congress-a letter along-lines suggested by the Atoalc
Industrial Forum (an industry lobbying group), indicating that
accident risks were comparable to those assessed previously, |

except for the larger size of reactors currently planned, and i
asking that the Price-Anderson Act be extended (Ford, 1982). :

It was. -

!

WASN-1250 |
t

In July 1973, che ABC issued what was to be its last major !
reactor safety analysis, designated WAsR-1250 (ABC, 1973). !
while largely a. descriptive volume, WAsN-1250 contains a ;

section which summarises the state of " expert" opinion at that i

time regarding accident probabilities. Based on a series of !
papers on the then-energing discipline of probabilistic risk 6

analysis, WASE-1250 estimated the probability of an accident '

tobeabout10-gleaseof5millionCuriesoffissionproductsleading to the
per reactor-year. The report also corcluded ,

that the mid-range estimate for the probability of a 14CA

gadingtothereleaseof20.000Curiesofiodinewasabout10~
p.r r. actor-y.ar. ;

2.2 TER REACTOR SAFETY STUDY; WhSM-1400 |

In 1972, faced with upcoming Congressional hearings on further, i
renewal of the Price-Anderson Act, and with increasing
controversy over the safety of nuclear power reactors, the AEC
commissioned a 3-year study of accident probabilities and '

consequences. MIT professor Dr. Norman Rasmussen was named to
.
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' 1* head the study, whose budgat was $3 million. This exercise !generated the first nuclear nuclear plant PRA, which was i3

published-in final form in october 1975 by the NRC under the:

title " Reactor safety study," but is often known under its Arc
j designation WASH-1400 (1975).

!

This study sought to evaluate the risk posed by the operation-

of the first 100 reactors planned for the US. Analysing all
100 reactors would have taken decades and many tens of millions

| of dollars, so two " representative" reactor designs were
chosen: the surry PWRs and the Peach Bottom BWRs. Surry Units j
1 and 2 are three-loop Westinghouse PWRs with large dry *

,

I subataospheric containments and power outputs of 775 MWes they
began operation in 1972 and 1973, respectively. Peach Botton

( Unita 2 and 3 are General Electric BWRs with Mark I ,

|
containments and power outputs of 1065 MWe; they began 1

operation in 1974.

The typicality of these facilities has been extensively !
questioned since WASH-1400 was published, and the results of a
later followup program which applied the,same analytic !
techniques to four additional reactors (the RSSMAP studies) <

clearly indicate that the two reactors analysed in WASH-1400
are not typical at all. ;

WASN-1400 calculated core melt probabilities for the surry and :
the Peach Bottom reactors. The PWR core melt probability was .,

calculated to be about 6E-5 per reactor-years the BWR core asit%

probability was calculated to be about 3E-5 per reactor-year. ,

WASM-1400 itself acknowledged that these results reflected a -

| higher core melt probability than had been previously
; anticipated. Prior to the publication of WASH-1400, ;

" conventional wisdom" and expert opinion h
probability of core melt accidents was 10'gid that the

'
| per reactor-year or
I lower. In comparison, the upper bound (95th percentile value) |

core melt probability for light water reactors generally was
calculated by WASH-1400 to be about 3E-4 per reactor-year.

t
'Releases from potential reactor accidents were broken down into

a number of categories. There were seven PWR core melt release
categories, designated PWR 1 through PWR 7, and two PWR design
basis accident release categories, designated PWR S and PWR 9.
Five BNR release categories were identified, of which
categories SWR 1 through 3WR 4 represented core melt accidents
and category BWR S represented design basis acciderfas. Table
2.1 susmarises the estimated probability and release i

characteristics for each of the above categories.

In its draft version, published in 1974, WASH-1400 received
heavy criticism, notably from a study group of the American
Physical Society (Imwis, 1975). Although some of the
deficiencies in the draft were correctad, the final version was
also severely criticized. For example, in August 1977, the
Union of Concerned Scientists published a book-length review of
WASH-1400, concluding that its assertions on nuclear risks
could not be trusted (Ucs, 1977). Among the problems
identified as plaguing this application of PRA vere the
following:>

'
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Much of the elementary data on the reliability of plant*
.

components were incomplete, uncertain, or unavailable; ,
. :

* For most of the WASH-1400 analysis, failure of one i
component was assumed to be independent of failures of other I

,

components. That is, " common mode" failures were largely |
"

ignoredi !
:

WASH-1400 generally assuand that current reactor designs t*

were adequate, overlooking possible intrinsic design !
deficienciest und j

r

!
* WASM-1400 was lax in addressing major problems that i
contribute to nuclear risks, such as aging and degradation of |
plant components, earthquakes, sabotage, and terrorism. |

!

As a response to these and other criticisms, the NRC *i
established a Risk Assessment Review Group, which submitted tts I

!report in September 1978. The Review Group reported that while
WASH-1400 was a " substantial advance" over previous assessments t

of reactor risks, the Review Group could not determine whether |
its accident probabilities were too high or too low (Imwis, -

,

1978). The Group also drew attention to WASH-1400's j

" questionable asthodological and statistical procedures.* A ;

summary of the Review Group's findings appears here as Appendix |,

? 2A. j
t

In January 1979 the NRC issued a policy statement retracting :
its endorsement of the WASE-1400 risk estimates: "the :

Commission does not regard as reliable the Reactor Safety |

study's numerical estimate of the overall risk of reactor !

!accident."i

i

2.3 RECENT DEVIII 9 TENT OF PRA
t

Growth in Use of PRA4

Since the publication of WASE-1400, a considerable number of -

'
PRAs have been completed. Table 2.2 summarises their findings
in terms of the probability of core molt. It will be noted ;

2that oore melt probability is, according to present custon,
attributed separately to " internal evente" (equipment failures,
operator errors, etc.) and " external events" (floods, j

earthquakes, etc.) Also, it will be noted that some plants i

have been the subject of up to three separate PRAs.
IPRA methodology has become relatively standardised,

particularly since publication by the NRC of the "PRA
Procedures Guide" (NRC, 1982b). Figure 2.1 illustrates this ;

methodology, and shows how outputs may be generated at Invels
1, 2 or 3. The PRAs whose results are suma=rised in table 2.2 :

*

were conducted at one or another of these three levels.

-
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iAn illustration of the level i results generated by
|contemporary PRAs is provided by figures 2.2 and 2.3. These 6show the statistical distributions of core melt probability |(described as " frequency of core damage" in figures 2.2 and

2.3) which were generated in a recent PRA for Three Nile Island i

Unit 1 (a 792 MWe PWR). It will be noted that core melt !probability is predicted to be-relatively high in this PRAl the
!

95tg)percentiletotalcoremeltprobabilityis9,4E-4 (roughly !

10' per reactor-year.
t

The phrases "ccre damage", " severe core damage", and " core 5
nelta have been used interchangeably in PRAs. This is because !

the sophistication of PRA is insufficient to discriminate
:

between sequences which lead to full core melt and those which !

lead to lesser outcomes. The difficulty has been explained in
the Seabrook PRA (P14, 1983): ;

l
"At one stage of the study, the possibility of specifying !.i

additional plant states to distinguish between core molting and i
core damage short of molting was considered. The idea was i
rejected, however, upon finding that the tins interval between
onset of core damage and full scale fuel molting is short in
comparison with the time interval between the initiating event
and the time of core damage for risk significant scenarios. -

Therefore, there was a physical basis for the assumption that
given the onset of core damage, the conditional likelihood of
core melt approaches unity."..

w
i. More recently, PRA analysts have gained confidence that they j

can discriminate among core damage sequences. Notably, the
' second draft of the NRC's NUREG-1150 study (see below)
|- identifles core damage sequences in which core molting is
' arrested before the molten material penetrates the reactor .

'vessel. Detailed review of that draft and its supporting
documents (such review was not possible during the preparation |
of our report) will reveal the basis, if any, for this new !
confidence. !

)
NUREG 1150 :

For the past several years, the NRC has been working on an
,

update of the Reactor safety Study. A draft report on this -

work was published in February 1987, with the designation
NUREG-ll50 (1987). In June 1989, a.second draft was published,
employing a completely different format and drawing upon a
modified set of analytic procedures. Also, many of the
conclusions in the first draft have been substantially
modified. As our report goes to press, most of the supporting -

_

documents for the second draft of NUREG-1150 (hereafter
designed NUREG-ll50/2) have not been published. Therefore, we
have not reviewed the basis for the findings in NUREG-1150/2.
However, sons of.those findings are presented here for purposes

| of illustration. In both drafts, five plant designs have been
studied -- three PWRs (Surry, Zion, Sequoyah) and two BWRsI

(Peach Botton, Grand Gulf).

Figure 2.4 shows the core melt probabili';y (severe core damage
frequency) estimated in the first draft of NUREGall50 for each

| ;
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of the five plants. The range of core damage frequency is !
*

.

,
expressed in a " box and whisker" format, in which the box !

l' represents the range of mean core damage frequencies generated i

| by various sensitivity studies, while the whisker is meant to )
represent extremes of the 5 to 95 percent confidence bands..

rigure 2.5 provides a more detailed illustration of this !,

| format, which has been severely criticized -- in fact, i

described as " erroneous and misleading"-- by members of an NRC Ipanel which reviewed the draft NUREG-il50 (Kastenberg, 1933), j
,

From the same version of NUREG-1150, the estimated probability
of early containment failure, following a core melt, is shown
in figure 2.6. Here also, the range of probability is ;

represented in a dubious manner. NUREG-1150 describes the form
of presentation thus (NUREG-1150, 1987): |

,

"The horisontal lines within the vertical bars represent the
individual sample results from the uncertainty analysis and 1
provide a qualitative indication of the concentration trends i
within the range, based on the judgment of experts." i

In its second draft, NUREG-1150 employs a format which, at
least superficially, appears more scientific. This fornat is
illustrated by figure 2.7, which shows the estimated core

'

damage frequency from internal initiators, for the five plants
considered. The probability density functions and frequency ,

.

P ranges which are shown in figure 2.7 have an appearance which
suggests that a rigorous, statistically-based analysis was :

used. Unfortunately, this appearance is deceptive. The '

underlying probability distributions were generated primarily -

by " expert judgment" (i.e. , guesses) . ;

Whereas only internal initiating events were considered in the ,

first NUREG-1150, the second draft estimated core damage f
;frequency from earthquakes and fired for two plants - surry and

Peach Bottom. The results are shown in figure 2.8. It will be
noted that two sets of results are shown for earthquakes -- the

,

"Livermore" and "EPRI" results. These reflect earthquake !

predictions make at the Lawrence Livermore National Laboratory ;

and-the Electric power Research Institute, respectively. ,

Although the Livermore group found' severe earthquakes to be
more frequent than did tho'EPRI analysts, the authors of NUREG-
1150/2 found both sets of predictions to be " equally valid" ,

(see~also section 13.3.1).
NUREG-11$0/2 does not present estimates of the conditional

'

probacility'of tarly containment failure in a format which
allows direct comparison with the estimates shown in figure
2.6. Instead, that probability is shown separately for
different types of accident sequences. Again, a superficially
scientific format is used, although the underlying analysis
relies primarily upon expert judgment. The issue of early -

containment failure is pursued at greater length in section.10, ,

below.
i

It is common to find that PRAs for different plants show
differing significance for particular initiating events. This
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point is illustrated by figure 2.9, which shows the differingcontributions of various initiating events to core melt
| probability for the five reactors examined in the draf t NUREG-

1150. However, the NUREG-1150 exercise also allows comparisons
to be made among PRAs done for the same plant. Table 2.3 showsi

| such a comparison, in which the draft NUREG-1150 results for
l the Grand Gulf BWR are compared with those from the NRC's

RSSNAP study (published in 1981) and from the industry-
sponsored IDCOR study (published in 1984). Although the total
core melt probability estimated in these three studier. Varies
by only a factor of four, the estimated contributions of
particular initiating events vary more widely. For example,
che estimated contribution of station blackout varies by a
factor of eighty if the IDcoR and NUREG-1150 results are

| compared. This suggests that the overall estimates of core
melt probability should be viewed cautiously.

, Like all PRAs, the two draf ts of NUREG-1150 have not attempted
! to account for sabotage as an initiating event, offering the

fo11owin7 rationale for this position (NUkBG-1150, 1987):
I
! "The risk of sabotage has not been included in the results of

this report. It is the staff's opinion that the likelihood of
a specific threat is very dependent on the changing political
and social climate. The applicability of historical data
pertaining to a threat of sabotage to a nuclear plant in the
future is less obvious than for hardware data or information on..

'' human error probabilities."

"As Found" versus "As Fixed" PRA Results

It is important to recognise that the results of a PRA do not
usually reflect the "as founda condition of the plant.
Inevitably, opportunities are identified during the course of a

| PRA study to make minor (or sometimes major) changes in plant
systems and procedures, so as to reduce core damage

' probability. Unfortunately, these changes are usually reflected
in the published study without an indication of their impact on
the estimated core damage probability. Thus, the PRA results
usually reflect the "as fixada plant.

For example, the recent PRA for Three Mile Island Unit 1, while
apparently an intermediato product which will be further
modified, nonetheless reflects some of these sorts of changes.
The following changes are identified (PLC, 1987):

-- Changes were made to the surveillance procedures, the alara
response procedures, and operator training literature relevant
to the reactor building emergency cooling water system, so as

; to permit a greater chance of operator recovery of the system.

-- Energency procedures were revised and additional hardware
was procured to improve the control building ventilation
system. These changes incorporate the use of emergency fans to
coci angineered safeguards electrical equipment in the event
that normal control building ventilation is lost.
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-- The makeup and purification system operating procedure and -

the engineered safeguards system status checklist were revised
to provide additional assurance that the correct lubricating
pump is selected for makeup (NPI) pumps.

-- Modifications made to the emergency feedwater and the heat
sink protection system during the 1986-1987 refuelling outage
were incorporated into the PRA.

-- In the early. stages of the PRA study, the instrument air
dryer transfer valve was identified as a major contributor to
loss of instrument air. The complete air dryer assembly was
replaced and includes a new type of transfer nochanism. l

1
Unfortunately, tha Three Nile Island PRA does not provide an )estimate of the m as found" core damage prooability. In fact, .

'Very few published PRAs have dealt explicitly with the issue of
what was the core damage probability for the plant at the time
the analysis was begun. Virtually every PRA study performed has 1
resulted in changes of procedures and/or hardware which have
reduced estimated cors damage probability. This is not i

surprising, since identifying and implementing such changes is

| a key active for performing a PRA. j
.

Reporting only the "as fimed" core damage probability, rather >

'than including that "as founda core damage probability as well,;

can lead to distorted perceptiors when results of a limited ',,

D number of PRAs are used to draw industry-wide inferences. Thise

practice can result in an undersetf. mate of the generic risk of :,

1 core damage accidents because thosa plants which have not yet :
been analysed could have a higher aan founda core damage
probability, rather than the lower "as fimed" core damage
probability which might be inferrod from published PRAs.

| }

| There are some PRAs for which "as found" and " fixed" results ;

are available. Por example, the NRC staff (and consultants) ;
.

I conducted a detailed review of the FRA for Indian Point Units 2 :

and 3 following its submittal to the NRC in 1942. For Indiut ,
,

i Point Unit 2, the NRC staff estimated the "as found" core -

damage probability to be 1,03-3 per reactor-year, while the "as
fixed" core damage probability was estimated to be 3,5E-4 per i

reactor-year. Por Indian Point Unit 3,. the NRC staff estimated !'

the "as found" core damage probability to be 6,8E-4 per >

reactor-year, while the "as fimed" core damage probability was
estimated to be 3,5E-4 per reactor-year (Rowsome, 1982).

aas fixed" issue |Another perspective on the "as found" versus
is provided by the PRA for oconee Unit 3. This study included r

potential external events, one of which was a turbine building
flood caused by a failure in the component cooling water systen
which could result in a lake draining into the turbine building ;'

(which leak could not be stopped). As the analysis progressed, t

it was discovered that a very large core damage probability '

.

would result from such floods, and measures were implemented,to
reduce the risk. The final PRA estimated both the "as found"'

and "as fixed" value for these floods -- the "as founda core
damage probability was estimated at 6,4E-3 per reactor-year, :
while the "as fixed" value was estimated at 8,8E-5 per reactor-

;
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year, a reduction in probability by a factor of about 73 for
i

this. class of accident (Sugnet, 1984).
i,

A final example is offered for illustration. The Calvert cliffa
plant,until the early 1980s, had a remote, manually initiated jauxiliary feedwater systes. The 1980 PRA for this plant under i

the RSSNAP program estimated the " internal events" core damage |probability at 1,5E-3 per reactor-year, with a large lcontribution from loss of main feedwater scenarios. After i
implementation of a fix, this PRA estimated the core damage |probability at 4,0E-4 per reactor-year, a reduction by a factor j

of about 3,s. A later PRA conducted for Calvert Cliffs under i

the IREP program estimated the " internal events" core damage .]
probability at 1,33-4 per reactor year, a reduction by a factor i

of about 12 (shally, 1986).

2.4 CURRENT APPLICATIONS OF PRA

Implications of Severe Accident studies for Regulatory change

NUREG-1150 is the latest in a series of NRC or ABC-sponsored
studies on severe accidents. Like its predecessors, NUREG-3150
will be used as a basis for changes in the NRC's safety
regulations. Figure 2.10 illustrates this process. As will be l

,

i
seen from the following discussion, the NRC is increasingly
relying upon probabilistic analysis as a basis for its -

;.
' regulations. j|

:

| NRC Safety Goals
,
'

i

| When the present generation of nuclear plants was being [
|- designed and the construction sites were being chosen, the r

|
regulatory framework was " deterministic". Plants were designed i
according to " general design criteria" (NRC, 1986a) and it was *

,

L believed that these. criteria, supplemented by normal care in ,

j. plant construction and maintenance, ruled out core asit ;
accidents as credible events. ,

'

j Af ter the 1979 'IttI accident, this position became
unsustainable. Yet, the NRC found itself in the position of
regulating plants whose design and siting were based on a i

l demonstrably false-hypothesis. An attempt has been made to
overcome.this basic problem on the basis of probabilistic T

arguments. Most prominently, the NRC has articulated a set of |
'" safety goals" (NRC, 1986b).

The primary safety goals are qualitative. These are supported
by " quantitative objectives", designed to gauge achievement of
the qualitative goals. Finally, a quantitative " general
performance guideline" is provided, which apparently will be
the measure actually used in regulatory implementation. Figure .

2.11 summarises each of these three levels of the safety goals. t

The magnitudes of core melt probability which appear in table ,

2.2, co:nbined with the probabilities of early containment ,

failure (following a core molt) which appear in figure 2.6,
'

suggest that many -- perhaps al', -- US nuclear plants do not
!
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meet the NRC's general performance guideline. From the various . -

industry and NRC-rponsored PRAs, one can readily conthe probability of a large release is well above 10"glude that ;

per -

reactor-year. Presumably, the NRC and the industry will seek :
to resolve this problem in two ways. First, they will seek 8

" improved" analytic methods which reduce the estimated '

probability of core melt and early containment failure (as is i
done in NUREG-1150/2). Second, they will engage in plant imodifications, procedural changes, and operator training which
purport to reduce those probabilities. .

specific Regulatory Applications of PRA
,

,

The NRC is beginning to apply PRA findings in a number of !

regulatory areas, including (NUREG-1150, 1987): !

containment leakage requirements;i *

equipment qualification for accident conditions;*
,

* requirements for hydrogen control during severe accidents; J |.
'

siting criteria (for possible future plants);*

focussing the effort of NRC safety inspectors;*

assessing the effectiveness of existing regulations; and*
,

* implementing the backfit rule.,

| i

For illustration, consider the last-mentioned application,
implementing the backfit rule. This rule (10 CFR 50.109)

i requires the NRC to determine if a proposed safety modification,

| ? to one or more nuclear plants is cost-effective, or, more I

| specifically, "to determine whether: (1) public health and
| safety or common defense and security are substantially

improved; and (2) the costs of implementation of the backfit,

I are justified" (NUREG-1150, 1987). !

Figure 2.12 shows some sample results of the type of analysis
which is involved in implementing the backfit rule. In this
case, a' variety of safety modifications to the Peach Botton
BNRs are considered. The cost of each modification is ,

estimated, and compared with the associated " benefit". Now,
the cost can in principle be estimated objectively. By '

contrast, the purported benefit is an indicator representing
"the monetised value of the averted risk" (NUREG-1150, 1987),
and is in part derived from PRA findings. Clearly, there is
much room for debate about this indicator, not least about the
monetary value which should be assigned to a human life lost
due to radiation exposure arising from an accident.

.

As part'of its general move towards probability-based safety |
regulation, the NRC has recently required its licensees to
conduct " individual plant examinations . These may either bee .

Myel 1 PRAs (internal initiaticq events only) or cheaper
studies which provide similar information. At a later stage,

'

it is anticipated that licensees will be required to extend
'

this work to include external initiating events and to cover
the areas treated in kval II PRAs (Crutchfield, 1988).

;
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:,' ' - ' 'Although these plant-specific studies may be useful in

identifying safety deficiencies at particular plants, it is
' ,

unfortunate that the NRC is permitting studies at a lower level
of sophistication ^ than is usual for PRAs. Our criticisas of
PRAs will, of course, apply with greater force to these cheaper i

studies. !
,
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3 stoor or accInENT PRECUBAQRS j'

,

|

3.1 DETEIDPMENT OF FRBcURSOR ANALYSIS

When the 1975 Reactor Safety Study was being prepared, there,

was a very limited data base of equipasnt failures and operator
errors at nuclear plants. This was noted by the NRC's Risk
Assessment Review Group, which proposed two sets of actions to
improve the data base (Imwis, 1978):

"First, areas in which there is a paucity of data should be
particularly examined to uncover how better data can be ,

obtained. Second, as new data, including additional reactor- )
years, recorded events and failures, and better component
reliability estimates are made, these must be entered into the
process in a formal and continuing manner."

,

1

The Review Group was also concerned that the Reactor Safety |

Study might not have. identified all significant accident I
sequences. They concluded (Imwis et al, 1974): ;

"It is laportant, in our view, thati potentially significant
sequences and precursors, as they appear, be subjected to the r

kind of analysis contained in WASM-1400, in such a way that the ;

analyses are subjected to peer review." !
,

I

In response to these recommendations, the NRC instituted the ;

Accident Sequence Precursor (ASP) program, which is conducted j4

at Oak Ridge National Laboratory. The purpose of the ASP
program is to identify and study' events at US nuclear plants ;

which were potential precursors of severe accidents. Relevant
events are selected from the licensee event reports (12Rs) .

which nuclear plant licensees are required to submit to the !
NRC. Events ara considered to be accident saquence precursors ;

if they meet the following formal definition established under :
.

the ASP program (Minarick, 1988):'

"A historically observed eleaant in a postulated sequence of !

events leading to some undesirable consequence. For purposes |

of the ASP Study, the undesirable consequence is usually
potential severe core damage. The identification of an ,

operational event as an accident sequence precursor does not of +

itseit imply that a significant potential for severe core !

damage existed. It does mean that at least one of a series of !

protective features designed to prevent core damage was >

compromised. The likelihood of potential severe core damage, -

given an accident sequence precursor occurred, depends on the !

effectiveness of the remaining protective features and, in the
'

case of precursors that do not include initiating events, the
chance of such an initiator." ,

ASP reports have now been published for events which occurred. -

in the periods 1969-1979 (Minarick, 1982), 1980-1981 (Cottrell, |
I1984), 1984 (Minarick, 1987), 1985 (Minarick, 1986), and 1986

(Minarick, 1988). In each of these reports, IERs for the
period in question are screened in a series of steps so as to
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identify those events (typically a few tons of events per year) '|
*

which were significant accident precursors. Then, the i

precursor events are examined individually, and an estimate is !

made of the probability that each event would have proceeded to |

a severe accident. |

3.2 MBW0001aGY FOR ANALYSIS OF PRBCURSOIts |

The first stage in ASP analysis is to screen LERs for the
period in questien. This process is illustrated by figure 3.1, I
which shows how 12Rs for 1986 were screened. j

1

Over 2800 Ists were initially ounnined, and 1320 LERs were
|

selected for detailed review. Events selected included <

l

* events commonly identified as initiating events in pRAs |
(including loss-of-feedwater events, loss-of-offsite-power .a

events, and small-break IccAs); J
* all events in which reactor trip was demanded;

411 support' system failures, including fallures in cooling*

water systems, instrument air, instrumentation and control, and
electric power systems;

any event where two or more failures occurred*

any event or operating condition that is not predicted*

within, or proceeds differently from, the plant design basisti

( ud
;. any event that, based on the reviewers' experience, could| *

' have resulted in or significantly affected a chain of events
leading to potential severe core damage.

| |
,

Then, the 1320 selected events were reviewed in detail, to j
determine if the event was a likely initiator of a core damage i

sequence or if it represented a failure which could have iexacerbated a sequence of different origin. On this basis, 34 i

events were selected as precursors. Events in this group ;

showed at least one of the following attributes |
<

occurrence of a typical core dame.ge initiator (such as a !*

loss-of-offsite-power event, a steam-line break, or a small- i
break IACA); I

a failure of a system (or all required trains of a multiple- |*

train system) required to mitigate the consequences of a core- 3

damage initiators or i

degradation in more than one systes required to mitigate the !*
'consequences of a oore-damage initiator.

|
The 34 selected precursors for the year 1986 included the
following -

loss-of-offsite-power, small-break IDCA, And small steam-*

line break initators (8 events); -

,

loss-of-feedwater (14FW) initiators with failures in systems* -

required for IDFW mitigation (2 events);
failures of redundant. systems required to mitigate*

postulated core-damage initiators (la events); ,

1
'
'

|

f

i >
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degradation in multiple systems required to mitigate* -

postulated core-damage initiators (2 events) and ,

reactor trips with failures of redundant systems required to*

mitigate core damage following a reactor trip (4 events).|

After selection, the procursors are analysed to estimate the
m probability that each one would have proceeded to severe core
| damage or would have left the core vulnerable to damage. This 1

is done by mapping each precursor onto the appropriate !
standardised event tree. A variety of standardised event troaa |

have been developed within the ASP program for seven classes of i
PWR plant and three classes of SWR plant, while a few plants i

are sufficiently unique as to require their own event trees. !
I

Figure 3.2 illustrates one of the standardised event trees, in ,

this case for loss-et-offsite-power events for a PWR of Class !

G. At each node of the tree, movement upward indicates success t
,

of a safety function, while movement down indicates a failuree i

ot' that function. Thus, movement downward at the first node of Q"

the tree shown in figure 3.2 indicates a fmilure of reactor !

trip (RT) af ter loss-of-of fsite-power (loop) . This !

precipitates a condition known as "anticipnted transient {

wir.hout scram * (ATWS). Other safety functions shown on figure t

3.it ares eastgency power (EP) auxiliary feedwater (ArW); i

challenge or ressat of power-operated relief valve / safety !
relief valve (p0RV/SRV); termination of secondary-sido relief; 6

high pressure injection (MPI)i high-pressure recirculation !.

? (NPat); and containment spray recirculation (CSR). i

The occurrence of a precursor event provides an empirical value !
| for the probability of failure at a particular node of the t

event tree. Bowever, probabilities must also be assigned to !
all other nodes in relevant parts of the tree. The data base
used for these- probabilities is partly drawn from within the ],

| ASP program and partly from other sources; also, it is partly ;

generic and partly plant-specific. This is a weakness in the |
ASP methodology.

More generally, the following potential sources of error in ASP
methodology have been acknowledged by ASP analysts (Minarick,
1987):

the accuracy and completeness of information in LERs is* ,'

Isometimes questionable
the use of standardised event trees may lead to plant- |*

specific features not being accounted fort *the combination of generic and plant-specific data means*

that modeled responses will tend towards a generic response; r

the recovery credit for a failed system involves engineering '
*

judgment; ,

.

systems observed to operate successfully uuring a precursor i*
'

event are assumed toihave independent failure probabilities;
many probability values used in the ASP program were 1* '

developed using an assumed equipment test interval of one
month, which may not be representativer

i

?

38

b



- _ - _ . - - - - - - - - . . . . - . - . - . - - - - . - - - . - ~ - .

i3

.

i

i. .

test intervals are assumed to be identical for periods of |
'

*
,

plant operation and shut-downs anri !
the analysis can be influenced by subjective judgment on the |*

part of the L.nalysts. |

|
,

3.3 RESULTS 'IC DATE !
I i

For illustration, consider the 34 precursors which were !
identified from LERs for the year 1946. These precursors were !
estimated to have conditional core damage probabilities ranging !

from 3,3E-3 (for a smallabreak LOCA at Catawba Unit 1) to 3,6E- |

10 (for unavailability of low-pressure core spray at Hatch j
Unit 23 A total of six events were estimat
conditLonal core damage probabilities of 10'gd to haveor higher. In<

brief, these events were (Minarick, 1988):

At Catawba Unit 1 a small IOCA occurred, initiated by a*

loss of control power to the letdown orifice valve, which
caused the valve to fall open. Following the flow surge, a
line rupture occurred downstream of the failed valve's flange.
Imtdown isolation valves were subsequently closed to contain

| the IbCA. (Estimated conditional core damage probability: 3,3E- ,

3). ]

At Turkey Point Unit 3, following a loss of turbine governor j*
oil pressure and subsequent rapid load decrease, the unit was j,.
tripped. During the transient, a primary-side PORY opened but' <

failed to close fully. The operators closed the PORY block ,

valve, and the unit was stabilised. (Estimated conditional core ;
'

damage probability: 1,4E-3). ,

A 140P occurred at Robinson Unit L following a transient I*
when a bus lockout occurred in the 115-kV switchyard. The B !
energency diesel generator (DG) was out of service at the time, j
This DG was subsequently started manually and loaded to restore i

power to its emergency bus. (Estimated conditional core damage :

probability: 3,05-4). (

At Indian Point Unit 2 an inadvertent reactor trip from 100 |*

percent power occurred, and ir,the ensuing transient AFW was ;

demanded to recover dropping steam generator (SG) levels. ;

However, one motor-driven AFW pump tripped and the turbine- ,

tdriven AFW pump failed when the steam supply line became
[ overpressurised, resulting in a relief valve lift. SG 1evels ,

were maintained by the remaining AFW pump. (Estimated i

conditional core damage probability: 2,9E-4). i
i

At Catawba Unit 2 all four atmospheric dump valves ;*

inadvertently opened during a test for loss of control roon ;

function. A transient ensued with SG depressurisation, and a !

main feedwater pump tripped on low suction pressure. Ioss of !
!letdown-flow control occurred and high-pressure-injection (NPI)

flow from the charging pumps was demanded. Because of the test
configuration and valve labeling errors, HPI flow requirements
were not met. The test was terminated, allowing NPI to
actuate. (Estimated conditional core damage probability:
1,1E-4).
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At Indian Point Unit 2, all 12 condenser steam dump valves \'I| *

'

inadvertently opened, resulting in a transient and safety
injection (SI) actuation. SI train B failed to actuate, but
train A actuation closed the main stema isolation valves )
(MSIVs), ending the high-steaa-flow condition. (Estimated

'
i

conditional core damage probability: 1,0E-4).

If one sunned over just these six incidents, and noted that i
( about 100 reactor-years of plant operation were accrued in the

'

United States during 1986, then one would find a core damagst

; (core asit) probability of 5,5E-5 per reactor-year for 1986.
However, repetition of that calculation for the most

; si g iticant procursors (conditional core damage probability of )
i 10 or higher) observed'during 1985 (Minarick,-1986) would ;

lead to a core damage probability o:t 1,65-4 per reactor-year |,

: for 1985. Clearly, a multi-year summation will give a more '

accurate indication of core damage frequency, as year-to-year :
variations will be smoothed out. Also, all precursors (not i

just the most significant group) should be included. 1

| The ASP program has not published a summation of core damage |
probability over all precursors for all the years for which it '

has analysed 1sts. However, the first precursor report i
(Minarick, 1982) did provide an estimate of average core damage |i

probability for the period 1969-1979. This estimate is shown '

I in figure 3.3, where it is compared alth other estimates. The |
Asp estimate ranges from 1,75-3 to 4,53-3 per reactor-year, and +

p is much higher than estimates made by WARN-1400 and other ;
,

studies. That high probability reflects the occurrence of one :i

actual core damage event (at Three Nile Island Unit 2) and two ;,

serious incidente (at Browns Ferry Unit 1 and Rancho Seco) ;
i during the period 1969-1979. i
'

Although the riods 1980-1981 and 1984-1986 did not exhibit |
events of a severity, they did show a similar frequency of !
occurrence of the more significant precursors. This point is }
illustrated by table 3.1, which shows the frequency (per j

core damage probabilities exceeding 10"gtimated conditional
,

reactor-year) of precursors which had o :|

or 10*4 in the periods !
'1949-1979, 1980-1981, and 1984-1984. No significant

differences arise when the various periods are compared.
'

; one of the interesting findings from the ASP exercise has been
that dependent failures are very significant. These are
failures which arise froa design defects, maintenance and |

'

testing errors, or other problems which cause more than one t

ites of, esmipment to f ail. Such dependent fallures may not be ,

annifested in routine tests but could occur if a safety systen
'

were actually neeeed. In illustration, one data base for i
failure of high-pressure injection shows 4 failures during 2000 ;

test demands (failure per demand = 2,0E-3) but i failure during ;

4 actual demands (failure per demand = 2,5E-1) (Ballard, 1985). ;

An analysis by G.M. Ballard (Safety and Reliability
'

Directorate, UKAEA) of the precursors identified for the period ,

1969-1979 has shown that 69 of the total of 169 precursors ;

involved dependent failures. Moreover, the 73 aost significant ;'

i
,

j
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! procursors included 30 examples of dependent failures. Many of
the dependent failures involved multiple failures of
essentially identical. components. This is nost a well-known
problem which can in principle be addressed in PRAs and which ,

can be partly avoided through use of staggered maintenance and |
testing of components. However, there were also 14 incidents

!in which dependent failures involved non-identical components. !
Of these incidents, 2 involved internal fire and flood (which !

can in principle, be accounted for in PRAs). The remaining 12 l
incidents involved either difficult-to-identify design linkages i

between safety systems or incorrect operator actions (Ballard,
1985). (Rogarding dependent failures, see also section 7 of
this report.)

3.4 LIstrTS OF ASP AIELYSIS

In principle, ASP analysis can provide a statistically
defensible estimate of core damage probability under "normala !

conditions. As operating experience is accrued, the range of !
uncertainty of that estimate can be narrowed. The present
uncertainty range is unknown, and tkais is a matter which I

deserves consideration within the ASP program. ,

i
Nowever, the core damage probability generated by ASP analysis j
will always represent a lower limit to the actual probability. ,

Increments of probability -- often un-knowable in principle -- [,i will arise from aabnormala conditions such as: ;

!

gross operator errors (as at chernobyl Unit 4 in 1986); f*
* gross maintenance errors;

'

design, construction or maintenance defects which do not !*

! become evident until systems are exposed to stresses arising I

under unusual conditions (og an earthquake within the design !
!basis) or in an accident environmentt .

!
t

dependent fallures of identical or non-identical components*
which do not becomo evident until systems are exposed to i

unusual conditions or an accident environments or'- ,

* sabotage. j,

| :
.

i

a

r
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4.1 Warf GEIBMWFY {
i

In the FRG, pRA efforts started early, inspired by the US |Rasmussen-study (WASN-1400). !

l

The German Risk Study (Deutsche Risikoetudie.Kernkraftwerke,
DRS), performed by Gesellschaft fsr Reaktorsicherheit for the
Federal Ministry for Research and Technology, was begun in
1976. Phase A of this study was concluded in 1979, although
some of the technical reports appeared as late as 1981. The
German Risk Study is a level III pBA for the Biblis B PWR,
including external accident initiating events. In Phase A, the
methodology was fairly close to WAsN-1400; as in WASH-1400,
some initiating events were explicitly excluded and reserved
for treatment in Phase B (e.g., secondary-side events like
steam line break, and steam generator tubs rupture). The data
base employed was generic. ;

/
Phase 5 started in 1981. The methodology was developed further, 1

and additional initiating events were included. The data base ;

is partly plant-specific, partly ric. official publication i

of this study, originally expeo for late 1988/early 1989,
took place on June 30, 1989. Only a summary of results is

t's
available to date (DRS 5, 1989).

In the period 1985 - 1987, a ' German Procursor Study" was also !

perforand by Gesellschaft fQr Reaktorsicherheit for Biblis A i
and B. Due to the small basis of operating experience on which !

this study is based, it is of very limited use.
Further, more limited level I analyses have been performed ;

during licensing procedures for nuclear power plants (e.g. for i

Brokdorf, Grohnde, Philippsburg-2), analyses of certain safety !

systems have been performed by the plant manufacturer KWU ,!

| (Salfans, 1987). ;

'
..

| r

4.2 UNIT m rTunnnu

PRAs for Light Water Reactors were introduced in the UK at the( r

beginning of the 80s, in connection with the 81:ewell project. 1

!| Us know-how was extansively employed. The two major efforts
!,

I ares

-- The Probabilistic Risk Analysis contained in the 81sewell B
PWR Pre-construction Safety Report, submitted in 1982 by the ;

'

CEGB. It was a level III PRA including external events for ,

sisevell B; the data base was, of course, generic (Us plants). |
:

-- The Sizewell B Probabilistic Safety Study (WCAP 9991), 1982, t

t
performed by Westinghouse Corporation (WEC, 1982), scope as
above.

*
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|- Further work based on those PRAs (revisions, sensitivity |
studies etc) has been performed since.>

4.3 SW1DBt
,

PRA studies were started early in Sweden. In the period 1976 - |
>

1978, three studies on the probabilities of large releases in !
Swedish BWRs were carried out on the initiative of the Swedish !
Energy Commission (on Barseb&ck i by Studsvik Energiteknik AS I
and the US-fira NNE Associates, and on Forsmark 3 by Asea-Aton J

AB).

In 1982, a new initiative begant Imvel I PRAs are now performed
for all nuclear power plants by the utilities, and are reviewed
by the Swedish Nuclear Power Inspectorate (SKI), in the
framework of the ASAR (As operated Safety Analysis Report)

PRAs for 10 out of 12 plants areprogramme. At present
available; the remain 1ng plants (Ringhals 364) are planned to
be analysed and reported by 1990.

The PRAs include internal initiating events only; external )
event analyses are being planned or are in progress. Several )
studies have a scope which is further limited since certain i

types of transients are not considered (Carlsson, 1987). i

,

* 4.4 FRANCE
;

Systematic PRA efforts were introduced in France relatively i
late. Probabilistic methods have been used since 1980 as a !

support for defining technical specifications of safety-related !
systene. In the period 1983-1985, partial analyses have been i

undertaken for the future 1400 MWe N4 PWR units. Beginning in :
1986, a level I PRA for one of the 4 Paluel NPPs was performed. !
External events are not taken into account. Imvels II and III |
of PRA are considered to contain too many uncertainties and are ;

tthus not performed (Moroni, 1986; Villeasur, 1947).
I

4.5 OTEER COUN11 TIES ,

|

PRA efforts of limited scope have been undertaken in many i
European countries; e.g., Switserland, Finland, and Italy. j

!

'

4.6 EASTERN EURDPI
.

No PRAs were performed or planned in the Soviet Union and other
Eastern countries before the Chernobyl accident. V. Legasov, in
his famous " Memorandum" published on May 20, 1988 in Pravda, ,

stated that no institution in the Soviet Union is competent to ;
perform a PRA (Imgasov, 1988). In the last years, however, the e

Soviet Union has engaged in efforts, particularly within the
IAEA framework, and is attempting to buy PRA know-how in the
West - among others from West German firms.

.
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5.1 IIPIROODCTICII,

In order to determine the overall probability of a given I

accident sequence, data characterising mach individual step of
the sequence are required. Those data fall into different
categories:

- probabilites of initiating (internal and external) events; ,

i - failure rates for components; '

- failure rates for human behaviours !
- characteristics of core melt progression; i
- behaviour of containment in diff6 rent sequences.

In this section, we deal with internal initiating events and
component failure rates, i.e., with the part of the problem i
associated with level I of PRA (except human behaviour which is !

a topic of such crucial importance that.it merits speciali

treatment).
Regarding the initiating events, there is a wide spectrum I
ranging from comparatively frequent occurrences (e.g., loss of '

main feedwater in a PWR, with a frequency of occurrence in the ,

order of magnitude of one per year); to rare events which have
4 not been observed in operating practice so far, but which can

by no means be excluded from consideration (e.g., large-break
IOCA, or reactor pressure vessel failure). It is clearly a !
major problem for the risk analyst that it is necessary to
include events which have not occured yet, and for which there :
are no data available. The number of different initiating
events considered in a PRA usually is about 10 to 20.

Of enormous scope and complexity are the data describing '
,

component failure rates. There are numerous pumps, valves,
instruments, electrical switches and devices, etc., the-
functioning of which will be required-to prevent core melt
after certain initiating events. Furthermore, there are
different failure modes for most components, e.g.: a valve may ,

fail to open, or to closes with different probabilities in each
case. A pump may fail to start, or, having started, it may fail '

to delivers or it may fail after having operated properly for i
some time. Failure to start on demand may be caused by a defect !
which ooourred in a component while it was idly on stand-by; or

'
,

it any be caused by difficulties in getting an intact component'

started. The first contribution to the " failure on demanda
probability would be dependent on the time since the component i

was last used or tested; the second would depend on the
complexities of getting the component started.,,

Thus, the amount of data required in a PRA is large. For . i

example, the Germar. Risk Study (Deutsche Risikostudie
Kernkraftwerke. DRS), e.g., liste 1457 functanal elements
which occur in its fault trees. For each elemoct, a failure
rate must be given (DRS A 2/II, 1981). The failee rates
themselves vary considerably, e.g., the failure rate per hour

.
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!of stand-by time for different components as given in the *

German Risk Study varies by almost 4 orders of magnitude (from t

2,SE-5/hr down to 45-9/hr).

Trequencies of initiating events, and failure rates of Icomponents, are never known with absolute accuracy. Strictly i
speaking, each fmilure rate or event frequency is a randon i

variable. In order to arrive at meaningful results in a PRA, !
information is required on the distribution of those randos ,

variables; most importantly, on their possible deviation fron ;

the mean value, and on the amount of correlation between the !
different variables. Even disregarding all other complexities i
and problems of a PRA, this statistical character of its input |alone means that a PRA can never calculate accident ;

probabilities; it can only estimate them.
|

Data used in PRA come from different sourcess in particular, it :

is important to distinguish the following levels: .i

- general industry experiencer
; - data from fossil-fueled power plants;

'

- data from nuclear power plantat ;

- data from the NPP being analysed (" plant-specific" data). |
1

Although there is a vast amount of data available, the i
selection and compilation of the data for a PRA is by no asans

'

trivial or straightforward. !,

D . !
t-

5.2 stSEERY OF MkIN PRotm

. The importance of a sound data base-for a PRA can hardly be
' exaggerated. It is well known that even the most sophistcated !

computer models cannot yield results which are better than i
their inputs. The requirements which have to be fulfilled can

.

'

,
be pointedly summarised as follows: |

|
'

"A sound determination of failure rates clearly presupposes !

that a large number of parts of the same kind are observed for ;

I a long period of time under completely identical conditions,
and that the failures are registered during this observation" t

( Lindeckere, 1982).
|

The same. applies, of course, to the determination of initiating i
I event frequencies. Unfortunately, there are no generally i

recognised, rigidly applied criteria determining how many
individual parts must be observed for which period of time to ;

allow asaningful determination of failure rates and event t

frequencies; and there are no clear-cut rules to decide which !i

; parts may be regarded as belonging to one, statistical >

! population which is characterised by one failure rate. ;

I
*

| Furthermore, there is no uniform practice for the registration ,

of fallures, and the documentation of failure rates. The"

problem lying at the bottom of this lack of uniformity and
consistency in the data base for PRAs is simply that in the

l vast majority of cases, PRAs have to use data which were ,

collected for other purposes, and hence do not constitute'

|
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** results of observations which were, a priori, planned with the',

specific purpose of creating inputs for a risk analysis. For
example, .the Licensee Event Reports of the USNRC are designed
for regulatory purposes, not PRAs (Apostolakis, 1985). The main
purpose of the IAEA's Incident Reporting system is to
facilitate exchange of information on significant events
between nuclear plant operators and licensing authorities. The
reports vary greatly in detail and methodclogy of description,
although efforts are under way to laprove uniformity. Data to-

be fcund in the literature are often incomplete and contain I
only information relevant for the specific purpose for which !

they were compiled. Thus, there may be no differentiation for
different failure modes, very sketchy' description of the data
sources, or only certain types of fallures may be reported
(e.g. those leading to long repair times) (DRS A 3, 1980). .

As long as this situation prevails, the choice of data for a
PRA contains a large degree of arbitrariness. Many problems
could, in theory, be avoided if exclusively plant-specific data
were used. However, for comparatively rare events (e.g.,

[ certain accident initiatiors, and common mode failures), this I
will simply not be possible for lack of observations. Even for i

I other events, the data base will often be saali, leading to J

very large uncertainties in the estimation of fallure rates and j
event frequencies # and it will be necessary for the plant to 1,

have operated for many years before asaningful estimates will j'

| be available. e

! Additional arbitrariness is introduced because there are often
I several methods, each equally plausible, to combine different :
P data sets to obtain a larger data base for a PRA. The end

result can vary significantly sooording to the method being ;

used. j
'

Progress has been made towards the establishment of data bases
for nuclear power plants. In principle, it appears possible
that W asonably uniform, well-classified and mutually !
compatible data bases will be established; although this would ;

require much ties and energy, and.the political and economic -

obstacles for a world-wide integration are formidable. Even if -

this aim were reached, however, risk analysts would face two ;
constraints which can never be overooms: *

o Due to the complexities of data collection and compilation, !

generio date bases can never be completely up-to-date. A lead :

time of several years between an observation and its I

availability in a data bank has to be allowed for. Occurrence ;

of rare events, possible new phenomena, plant ageing, '!technological change and other developments, and new criteria
for data collection will be reflected in the data bases with ;

.
inevitable delay.

O If only plant-specific data are used, processing can
'

| undoubtedly be faster. But in order to collect sufficient data,
L

a risk assessment based on plant-specific data can be performed
- only after auch of the plant's lifetime is over: The results

may come too late. Even so, generic data will have to be used i

to supplement plant data.
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5.3 BACReac0ND
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'

In the resent-day data situation,' arbitrary choices and I
-

simplit ing assumptions'have to be made right at the beginning J
i

of coup ling a data base.'The first simplification lies in ;
-

| assuming constant failure rates.and event frequencies. It is inot taken into account that failure rates will generally be I

i higher at the beginning of a power plant's operational life, or-

for new types of components in the time after they have been .

fitted. It is also assumed that components remain "as good as .

now" during their service time. Degradation through repeated
repairs,'or simply through ageing, are not allowed for.
The properties of the random variables which characterize
. failure rates and event frequencies are generally chosen for.

convenience, i.e. to make the calculations as simple as .

possible, rather than with the aim of an adequate>

representation of reality, Usually, it is assumed that the !

variables are distributed according to a lognormal~ distribution '

(i.e., their logarithms follow a normal, or Gaussian, ;

distribution). The advantage of this assumption'is that ',-

multiplication and, to some extent, addition of legnormally"

distributed variables is fairly straightforward mathematically;
it is easy to describe the bandwidth of uncertainty; and the
bandwidth of uncertainty, when combining a large number of
variables by multiplication and/or addition, does not escalate-

I
dramatically, if the random variables.are uncorrelated (i.e.,

.. if their fluctuations are subject to randon errors only, and
not to systematic errors), as-is genera 11y' assumed.

,

A lognormally distributed random variable is characterized by
its median N (i.e., the 504-fractile) and, most commonly, by -

the variation factor E g (simply denoted as K thereafter), 'g
being the ratio of the 95%-fractile to the median (K=F s/K and
also, by the properties of the lognormal distribution,9K=N/F ,beingthe54-fractile).KisameasursforthebandwidthSt iF5
uncertainty associated with the variable. The mean or ;

expectation value E of the lognormal distribution is not equal
.to the median. It is larger than the median, the ratio growing

,

with K (see fig. 5.1).

The fundamnatal problem is that the use of the lognormal
distribution cannot be justified theoretically, or empirically.
According to mathematical theory, the failure rate of a complex
component will be lognormally distributed if the failure rates ;

of its parts can be described by independent distributions, and
common-mode failures can be neglected. It must be doubted
whether those conditions hold in the majority of cases.
Furthermore, empirical investigations of data on failure rates ,

do not yield unambiguous evidence that the lognormal
'

distribution is appropriate. In many cases, it would seen more
appropriate to use other distribution models (e.g., the log-

,

cauchy distribution), or " robust" methods which are independent''

of assumptions concerning the distributions. Those alternative,

methods would allow a more realistic description of error
propagation and would lead to much larger uncertainties in the

48
'

.

------ --___ _ -_ __ _ n _ _ _ - _ _ _ _ . - . _ _ _ _ , ~ , . . - . _ _ , . - _ _ e m .,w a, _ , _ ,_ , _ . - _,.w.n,,,m_,,.w, ,.p,,r.,,,,-



-- . . - . . - - _ - - .- __ _ . - - - - .. -- -

1

i3w .. |

'. ' final'results - less convenient perhaps, but giving a more I

adequate picture of reality,
_

i . Choosing distribution functiona is a very complex and
sfundamental problem of PRAs. We are'not entering _a more j

detailed discussion here since this problem has already been |' discussed at length in a study by the Oko-Institute (Oko,
1983), on which the preceding paragraph is based.

Furthermore, the individual random variables may be, to varying
extents, correlated. This can lead to a large bandwidth of
uncertainty when they are combined _(this problem is treated.''
further in section 6),

a

The sources of reliability data are in most PRAs' arbitrarily
selected and combined in an arbitrary manner. This is due to r
the lack of a consistent, comprehensive data base. In the *

. German Risk Study,' Phase A, data were taken partly from the *

general literature, and partly from a special evaluation of
,

,

operating exparience at the Biblis A and Stade plants.(9
u reactor years in all; note that the reference plant for the

,

'

German Risk Study is Biblis B). The weight each source is given
varies from component to component, depending cn the respective
quality for the data available. Even so, additional arbitrary

. assumptions were requirod in some cases because otherwise the
; data would not have been detailed enough to serve as input for >

,i the fault tree evaluation. For example, several sources did not
3 differentiate between the two failure modes " failure to start"

and " successful start, subsequent failure during operation" for
pumps, and the data were arbitrarily divided. Furthermore, the

I literature sources, in part, were not independent'(DRS A 3,
1980; Oko, 1983).

; Thus was violated a very basic principle of statistical
methodologyt Zigal to plan the data sampling and evaluation

'

procedure, and thBgt take and evaluate the data sample, rather '

than choosing the evaluating procedure so that it fits i
conveniently the data samples obtained. The consequence is that
the uncertainty of the results of the German Riak Study in fact
is much larger than claimed.

/ There is not much improvment in Phase B of the German Risk
study, as far as can be. inferred from preliminary publications
of results. In Phase-B, it is aimed at using only plant-
specific-(Biblis B) data, wherever possible. The problem of
arbitrariness of data sources is thus exoided. However, on the
other hand, the plant-specific data be a is extremely small in
some cases. The observation period is c years or less, and the
failure rates given are, e.g., about 3E-5/hr for emergency
feedwater. pumps,.and 1E-5/hr for component cooling water pumps.
Taking into account the number of pumps in the plant, this
implies that the data base for emergency feedwater pumps
consists of about 8 failures in all, and for component cooling
water consists of about 5 failures - a data base insufficient
for reasonable statistical estimation. Nevertheless, the
authors of the study claim that for the examples given here,
the variation factor K is as low as 2,4. A conservative
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..!t analysis shows, however,'that K should be at least twice that '*number.
J-

In some instances, generic data had to be used in Phase Bt For,

L safety valve failures, certain initiating events, and common jmode failures. Hence, it was not possible to avoid the
arbitrary combination of different data bases (H6rtner, 1987).

l In principle, a methodology is evailable for the systematic'

;combination of generic data with plant-specific information, !
i with the aid of Bayes' theorem (see, e.g., Mosleh, 1945). ||

The Bayesian approach in mathematical statistics is, in
general, subject to controversy, we cannot go into the details
of the differences between " Bayesian" and classical '

| "frequentist" theor/ here. It is' sufficient'to show that use of- |

| Bayes' theorem in PRA can lead to inconsistencies and arbitrary
,assumptions, or even assumptions which lead to a bias in the '

results. This can be shown by discussing the methodology of the -

German Risk Study, Phase B.
'P

The starting-point is Bayes' theorem for a failure rate la

f(1/J) = f(1).L(J/1)/'f(1).L(J/3).d1
i Were '

,

y f(1/J)..... probability density function of 1, given the
information J (posterior' distribution)

'

f(1).......p.d.f. of 1 without knowledge of J (prior
distribution)

L(J/1)..... Likelihood-function, i.e. probability distribution
of information J for a given value of 1

and * denotes integration from 0 to es.

At fl.rst, a two-stage approach was attempted in the German Risk
Study. In the first step, the prior distribution was based on
data from Phase- A, while data frc,a Swedish, US and German
nuclear power plants constituted the information J. In the
second step, the posterior distribution resulting from the
first step-was taken as a prior distribution, and plant-
specific observations from Biblis 8 provided the information J.
Result A plant-specific distribution incorporating prior
information.

The arbitrariness here lies in defining the different levels of
information for each step. The prior information of the first
step (from Phase A) is mixed: It contains data from non-nuclear
plants, but also from nuclear power plants. The information J
in the first step contains data from various plants. It is by
no-means evident that this is the.only logical and -

| methodologically correct manner of grouping the data. Indeed,
it seems much more plausible to consider the data from non-
nuclear plants as prior information, and all nuclear plant data

.
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(from Phase A plus'information J) as the second set of J.

information..

Imoking at both steps, it seems highly arbitrary that data from
two German plants (Biblis A'and Stade) are grouped together
with Swedish'and US data, whereas-data from Biblis B are taken
as a' separate data set. Several other ways of combining the ;

' data seen at least as plausible. For example, Swedish and US i

data could be taken as one set of'information, and data frca
the three German NPPs as another. Or, the number of steps could
be increased by one. At first Swedish and US data could be
introduced into Bayes' theorem; then Stade and Biblis A data; '

and finally Biblis a data. There are further possibilities |which we will not elaborate here. The point is not to propose
an alternative application of Bayes 8 theorem, but to make it
clear that the combination of data by this theorem can contain J
a large amount of arbitrariness,in practice. The resulting
failure rate distribution can vary greatly depending on how the
data are integrated; in particular, the uncertainty bandwidth
can be artificially reduced if data are divided into several
sets and then combined by Bayes' theorea, rather than taken as

l. one set with one distribution.

Apart from those considerations, it seems highly arbitrary that
. Phase B of the German Risk Study selected, apart from plant-
specific data, data from.8 Swedish, 1 US and 2 other German *

NPPs for consideration as prior.information. Why not a more
,*

complete data base, or why not include French instead of
. . ,

st

Swedish, or Japanese instead of US data? It is a fair guess
that convenience of data acquisition was the chief criterion in
making this particular selection, rather than a systematic
analysis of what would constitute the most adequate dta base.

In its attempt to combine generic with plant-specific
information, another problem became apparent in the German Risk
Study, Phase B For about 50 % of component failure rates, the
plant-specific distributions deviated quite markedly-from the
generic information. Therefore, it was decided - for all
failure rate distributions - not to use the generic prior
information at all. As the generic failure rates were often
significantly lower than the plant-specific ones, this practice

,

may be laudable insofar as it is conservative. It demonstrates,.

however, another arbitrary point in the combination of data
There are no strict and cogent rules to decide which data are,

| relevant for the case-under study, and which should not be

| used.
,

In the absence of relevant prior information, a so-called
I noninformative prior was used in the German Risk Study to
| determine the pesterior probability density function. Although"

a noninformative prior, in Bayesian statistics, is supposed to
be a "neutrala function which does not modify the information
at hand, there are again several choices open. The special T-
distribution used in DRS is a mathematically convenient choice-,

but does in fact influence the results: By its use, the
posterior distribution is artificially shifted to smaller
values (Martz, 1984).
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Another illustrative example for the arbitrariness involved in '*i
'"

'
-

data base selection is the Probabilistic Safety Study of 1

,

-Sizewell 5, prepared for the CEGB by Westinghouse-(WEC, 1982). |In this stud
. population, y, which is based on data from the US MfR l

at least 21 4 of the operating data base was l
excluded. The omissions are not explainedt some appear rather I1

convenient bince they involve reactors where serious accidents
have occurred-(TMI-2, Crystal River 3,, Rancho'Seco). Thirty- ifour important precursor events were neglected in the '

Westinghouse study because of those omissions (Thompson, 1983).
,

,

The selection of incomplete data bases, as well as'the I
. arbitrary assumptions of narrow distributions for failure rates
in spite of insufficient data bases - as in the German Risk

;
Study (see 5.4) - lead to a general underestination.of the

'
'

bandwidth of failure rates, and hence finally to an '

underestination of the uncertainty of the final severe core
1damage frequency result (comparw also 6.3.3).
;,

The emergence of well-organised data bases can potentially
reduce arbitrariness both in selecting and combining data. The i

available mass of data has certainly grown considerably in the
past years. At a recent international conference on |c

| Probabilistic Safety Methods, one speaker even coined the term
" data deluge" (Fragola, 1985). Yet the same author continues to

;remarkt "... despite the waterfall of raw information being i

. generated by over.70 (NPPs) on a daily basis in the US alone, '

i ,; and individual successes, the advance in published and
s

available data-bas not improved as dramatically". He describes'-

four major US data bases which all have their strong'and weak
' points. No single data' base covering a large number of years of. *

'
operating experience for all US plants in a consistent manner
seems to be available. However,'there is significant potential
for future improvenant.

As it appears that the largest amount of work on data bases has
been performed in the United States, a more detailed report on
PRA data bases-in the U.S. has been prepared for this study by
NHB Technical Associates (Appendix SA).

i
In Europe, efforts are under way in the European Comavtity
(with Swedish participation) to set up appropriate data bases. ;

In the framework of ERDS (European Reliability Data System),
data on operational history of nuclear plant components,
abnormal occurences, and unit productivity are being collected.
The fourth sun-system, however, the Reliability Parameter Data i

Bank, was still in its definition phase by 1987 (Amendola,
1987).

The PSAPACK (Integrated PC Package for PSA level I) recently
L. published by IAEA (Boiadjev,1988) also contains. a reliability,

L data base module compiled from 21 sources and containing about
L 1000 records. This data base, however, contains nany poorly
;; documented records. It also contains (as do other reliability.

data bases, e.g., IEEE 500-1984 in the US) a considerable|

number of data derived from expert judgment, and not directly
from operating experience. It is known since the first critical
reviews of WASH-1400 that such data are of little value. Apart

3
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from the' arbitrariness involved in determining f ailure rates by '
' '' '

expert estimation, there is a general bias involved - the
values tend to be too low, as " people tend to be too confident"
(Apostolakis, 1985). )

With growing complexity and size of data banks, the problem'of
providing adequate access for the risk analysis will also grow.
Work is under way to develop expert systems (" intelligent"

1

interfaces) in order to allow users access to. data banks in
natural language. It remains to be seen how the problems of j

incompleteness. and vapeness-of information in the data bank, j

and also of possibly incomplete or imprecise querisa, can be r

solved. efficiently (Amess, 1985). '

-

Further develophant of data bases may face severe problemas It
cannot be taken-for. granted that a continuous and growing
budget will be made available for such efforts, and thatc

political or economic.(e.g.,. commercial secrecy) factors will "
'

not prove serious obstacles. Even under optimal circumstances,
however, one problem'is bound'to remain -The unavoidable lead
time between the moment when data are generated, and the time
they are available for PRA. Mounting experience and further
development in the electronic data processing sector can
potentially decrease this lead time. Increasing amounts of data
and, possibly, new methodological approaches and regulatory
requirements (necessitating a reorganization of data
collection) may, on the other hand, counteract thin trend... ,

ss

In the past, the delay between the closing of the data base for1

a PRA' study, and the conclusion and publication of this study,
,

was in the order of several years e.g., 4 years for the German
Precursor Study; about 2-3 years for the German Risk Study, '

'

L Phase Al possibly more for Phase Bf 1 to 2 1/2 years for the US
Procurror Studies; and 2 1/2 years for the Swedish SKI-ASAR on
Barseb4ck (1985).

.

Thus, PRAs are bound to give a picture of a past state. Rare
events occurring for the first time can render them obsolete
(like the Biblis A incident in December 1987 - an almost-14CAwith containment bypass, which demonstrated that the ,

significance of this accident sequence is considerably greater
than was assumed in the German Risk Study, Phase A). New ,

phenomena can necessitate the inclusion of whole new types of
accident sequences (e.g., Hydrogen generation at TMI-2 in 1979
was a phe+:-- en which had not been foreseen in its acutal
severity). Plant ageing may increase the importance of certain
failure modes and events (e.g., through neutron embrittlement ,

of reactor pressure vessels) . Furthermore, any techno1c,gical
changes, plant modifications, new criteria for data collection
etc. will not anter the data banks immediately. This problem is

| particularly severe when nuclear power use continues to grow.,

| The higher the growth rate, the larger the number of reactor-
years - at any given point in time - which are not yet properlyt

L included in data bases.
|

In principle, and with an established methodology, the
, collection and processing of plant-specific data could be!~

faster than the creation of equivalent data banks for large
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reactor populations. But for.some' failure modes, it will be' ' ~'

-

, impossible, in the long run as well as now, to work without'
generic' data. Furthermore, setting aside this point, a PRA1

using plant-specific data is more or less a posterior analysis.
In order to obtain a reasonably reliable data base, an

1

observation period of more than 10 years (often auch longer) '

will be required.-Adding to this a couple of years to perform
L the PRA, the results might not be available before a time when'

.the operator will have to begin thinking about plant<

~ decommissioning considering this, the risk analyst is caught ;
3

on the horns of a dilemma: Neither the use of generic, nor of' -

plant-specific data can yield accurate results which are "

'

atallable at an early date.

'

\
..

|
'

2

|-

? I
l..

1

1,

l

l-
|

1

I'. '

| |
1 .

D I
1. i

.

|.

.

1.

l

[
L
i' 2

l

1,

-

i l54 |

|

|

l
i

.



.._ _ _ _ . _ _ _ _._

,I
'

..' ,,
l*

I

.,c \

6 R& SIC METEDDQEDGICAL QUESTIONS
.

|

6.1 INTRODUCTION ,

,

The subject of this section is the methodology of level I of a
PRA, i.e. the question Given a nuclear plant, and a suitable
data base, how can the severe core damage frequency (8CDF) be

,

"

estimated? This question covers the problems. encountered in
constructing fault trees and event trees, and in combining
basic data on failure rates and initiating events with their
aid. A crucial point is that practically all input data are not '

precise numerical values which can be simply combined by
multiplication and addition. The inputs in fault and event

#

trees are random variables which can assume different values
with varying probability. Thus, the result the SCDF - will
also be a random variable with, possibly, a considerable ,

bandwidth of uncertainty attached to it.

We do not deal with the basic principles of fault tree and
event tree construction. A critical discdssion of this step (

would have to concentrate in great detail on individual PRAs. ;

: This lies-outside the scope of this study. We can also not *

enter the discussion on the merits of basic alternatives to the
L . fault tree / event tree methodology. One possibility - the
|- modelling with the aid of Markov-processes - which might be

,
better suited to describe the dynamics of accident sequences,1. *

! is discussed at length elsewhere (Oko, 1983).
|

| A partial alternative to the usual fault tree / event tree
| methodology is the " precursor -approach based on the evaluationa

of incidents which actually occurred. This approach is treated
in section 4. .

There are some methodological problems which c.re of such :

crucial importance that they are treated at length in separate
sections of this study. Common cause/ common mode fallures (the

'failure of several components of the same kind at the same
time, due to a common influencing factor, which can only with
great difficulties be; incorporated in the fault tree / event tree
methodology) are treated in section 7. The whole complex of
" human error"-is addressed in section 8. In this section, we
briefly discuss the problems of constructing models by
combining event trees and fault trees, which lead to the
question of completeness in a PRA, which is obviously crucial

| if the analysis is to give meaningful results. Furthermore, we' .

explore the consequences of the fact that SCDF as determined in
a PRA is a random variable. Finally, the problems of possible
correlations of input random variables and their intluence on
error propagation through the fault tree / event tree models are
treated.

6.2 SINSULRY OF MAIN PROBIENS

A severe problem which continues to plague PRAs is that their
completeness can never be guaranteed. Even in a restricted
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framework (level I, internal initiating events only, exclusion
of complex forms of human errors, assuming the plant is built
as designed), there always remains the possibility of unknown
accident sequences which would increase the estimated SCDF. The
analyst can choose among different approaches (event tree
oriented, or fault tree oriented) when modelling accident
sequences, each of which has its particular shortcomings.
Furthermore, the importance and/or frequency of recognised

I; accident' sequences are often overlooked, and it may be wrongly
assumed that their contributions are " covered" by anothern

sequence or class.of sequences.'Even major PRA efforts
|

performed so far show severe omissions: e.g., of steam )
generator tube rupture sequences in NURBC-ll50 and the 1

Westinghouse PRA for Sisewell 87 or of the V-sequence (LocA
through connecting line which bypasses the containment) in the
German Risk Study, Phase B. In the latter case, the V-sequence
was at first considered to be a negligible contributor to SCDF; i
the study had to be revised, however, after a very severe ,

precursor to the V-sequence occured at Biblis A in December i
1987. A

i

|
In principle, p ogress appears to be possible in regard to PRA '

completeness through accumulation of further experience, better
peer reviews, and an open and efficient exchange of information
between PRA teams. However, budgetary constraints as well as
political and economic obstacles can render such progress '

difficult. Furthermore, there is persistent reluctance on the
,

b part of many risk analysts-to take into account controversial
expert opinion. Also, it must be noted that improved procedures
will also be more time-consuming and would result in increased
delays between the collection of basic information for a PRA
and its coupletion and publication. For this reason alone, PRA !

results can only be' regarded as lower bounds for the (unknown)
"real" values of accident probabilities, today as well as in -

the future.

A problem which is associated with the use of PRA results in
decision-making is the fact that their level I result - SCDF -
is a random variable and not a single value. In order to
determine,.e.g., whether the basic IAEA criterion (frequency of
SCD less than lE-4/yr) is fulfilled, is it sufficient that the
mean (expectation value) of SCDF is below this limit? This does
not appear satisfactory because-even then, the probability that
the actual-SCDF is higher than 1E-4/yr can still be
significant. For example, the mean SCDF as determined in the
German Risk Study, Phase A, was 0,95-4/yr. Yet, the probability
of SCDF being higher than lE-4/yr is about 30 4, even accepting
the rather small uncertainty range as given by the authors of ;

this study. A more reasonable and conservative criterion would
be, e.g., to demand that the 99%-fractile of SCDF aust be below
lE-4/yr (i.e., the probability of SCDF being higher tha.n 1E-
4/yr would be below 0,01). If this criterion were applied to <

existing PRA results, however, it would be fulfilled in almost
no case.

The problems of error propagation, and of correlation between
failure rates, are treated here at some length. We show that,
even if all input random variables can be assumed to be

<
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,. . uncorrelated, the bandwidth of uncertainty of the result is !

considerably larger than that of.the individual inputs. In many.
PRAs', however, by assuming small, optimistic variation factors
for the input data, the SCDF bandwidth is usually kept ;artificially low. This is of particular importance if not the ;

mean, but the 994-fractile (or the 954-fractile) of SCDF were
used as the decisive yardstick.-

'4 This problem is significantly exacerbated by the fact that the *

-input variables are to some extent correlated - their
i

.

deviations from the mean value will to some extent fluctuate '

systematically, and not completely randomly. Systematic
fluctuations add up to considerably larger error margins in the ;

final result. Furthermore, because of the intrinsic
characteristics of a system whose components have failure rates
close to sero, this increase in the variation factor alone -

iall other things being equal - will lead to an increase in the
expectation value of SCDF. Thus, underestination of variation,

factors and of correlation will lead not only to
unrealistically small and misleading error margins (and hence
to 994-fractiles which are too small);'it will also lead to an
underestination of mean SCDF. The problem of correlation is
ignored in present PRAs; sero correlation is generally assumed
for. computational convenianoe.'

A numerical-example is provided here using a comparatively :
simple fault tree from the first draft of NUREG-1150. It :,

demonstrates the crucial influence of correlation of individual (*

variables. It shows that high correlation leads to such large ,error margins as to render the results of PRAs practically
meaningless, unless the error margins of the input variables' 9
are small. It must be noted that our calculations are based on

; the assumption that probability distributions are lognormal, *

j which is an arbitrary assumption tending to underestimate error
margins.,

[
,

6.3 ***=
,

6.3.1 Cossaletamana

The topic of completeness of a PRA is, in this section, treated
in a restricted sense only. The most serious problems which
render it impossible.to perform a really complete PRA (one that
takes into account every relevant factor) are: The

,

I unpredictability of complex human behaviour; the fact that a
real plant will differ from idealized plant models because of
design deficiencies, use of components of low quality,.etc.;
the difficulty of quantifying the probability of external
events; the large uncertainty associated with physical

| phenomena affecting containment integrity (regarding level II);
| and slailar points. All those aspects are important and are

treated in other sections of this study.

In this section, we concentrate on the one part of a PRA where,
in principle, the highest accuracy and reliability of results
can be achieved: The modelling of accident sequences leading to

L severe core damage (level I), initiated by internal events, and

I
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disregarding complex. forms of human error. The key questions |-

1are whether past PRAs have been complete in this respect; and
if there'were deficiencies, are they likely to be resolved in

i
, ,

the future?

In PRAs, accident, sequences are modelled using event trees and
fault trees. At first, event trees are constructed for
different initiating events. Then, fault trees are compiled for

'

the calculation of the unavailabilities of the various
functions contained in the event tree (for examples for event
and fault trees, see figures 1.1 and 6.1). When performing this

,

modelling exercise, the analyst has considerable freedom of ;

choice: A large number of event trees could be used, each

describingaspecificaccidentsequence1vely,theanalysis
'

combined with
Irelatively simple fault trees. Alternat

could be based on a small number of event trees, one for each |
class of accident sequences under consideration, with very
detailed and complicated fault trees. Of course, compromises ,-
between those two extremos are also possible.

,

It has been suggested that this situation represents a dilemma
(Hahn,' 1985): An event tree oriented approach (large number of I

specific event trees) could be more adequate to model.the 'i
dynamics of accident sequences, but increase the danger of '

overlooking sequencess whereas a fault tree oriented approach ,

could, in principle, achieve better completeness (since each-
event tree' covers a whole class of sequences), but would ,.

i neglect the dynamics of the sequences, which cannot be ;'

incorporated into static fault trees. <

on the other hand, it could be argued that employing a large
number of event trees might make it easier to approach .

completeness. We do not need to pursue this point further here
- it is a question of optimisation within PRA methodology,_and -

not directly relevant for our work. {

! The point which is relevant for this study is the inherent
i difficulty to achieve completeness in a PRA - either because of |

the omission of initiating events, or because of the omission
of'a particular sequence developing from an event which was t

included in.the analysis, because the fault trees employed do *

not adequately reflect the dynamics of the accident.

It should *1so be noted that event trees and fault trees are .

binary systems (only two statas are possibles component ~!

functions perfectly / component fails completely). Partial
failure of components usually is not taken,into account.
However, in some cases partial failures can have worse '

consequences thatn complete failures (for instance, dropt of
voltage which leads to unpredictable behaviour of electrical
systenst intermittent function of a pump leading to flow
instabilities).

| It is also clear that empirical knowledge of plant behaviour is
limited. Thus, the full spectrum of sequences leading to SCDF '

is not known. The consequence is that "an evaluation of all
known and quantifiable sequences, even if this is done as
realistically as possible, will provide inevitably an

|
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underestimate of the real (severe core damage frequency) jbecause the values of those sequences not analysed have to be iadded to the result based on the sequences which have been
analysed. This fundamsntal problem of incompleteness leads to
the conclusion that even the best conducted and realistically
based. evaluation can only give a lower bound to the real value"
(Hahn, 1985). With a sonswhat different emphasis, another.

expert states that'" generally the safety analyses performed for
plants have included either explicitly or implicitly the
failure sequences that have occurred. However, less
satisfactory is the indication that in some cases the relative

,importance and likely frequency of the actual event sequences lmay have been significantly underestimated by the safety ;

analysta (Ballard, 1986).
|

The problem of underestination of the importance and frequency '

of a sequence is of course closely connected to the fact that '

ccapleteness cannot be achieved by explicitly treating all
:possible sequences in a PRA. Usually, classes of sequences

(categorised according to the initiating event) are considered;
and each class is implicitly expected to include a number of
sequences which are less frequent and/or lead to smaller
consequences than those explicitly studied. However, a
particular sequence, which has not been explicitly considered,
may place heavier demands on safety systems than those >

explicitly analysed in its class. Or, the . frequency of a whole !
' ;. class of sequences may be underestimated because important

' events have been omitted from the analyses (Hahn, 1985).

Furthermore, classes of sequences may be included in a PRA in
,

the sense that they are mentioned, only to be dismissed,
through faulty reasoning, as negligible.

Hence, the important question is not whether all relevant
accident sequences are in some way, however vaguely or
implicitly, included in a.PRA. The question is whether the
significance of all relevant sequences has been correctly
recognized., , ,

|

Experience shows that this has usually not been the case in
PRAs performed to date. For example, in the USNRC's Draft
Reactor Risk Reference Document (NUREG-1150, 1987), accident
sequences initiated by steam. generator tube rupture were not
treated for the surry and Sequoyah PWI . It was argued that
their effects were covered by another sequence (the V-sequence:
Inca outside containment via the low-pressure-injection
system). However, tha contribution of steam generator tube
rupture to severe core damage frequency is highly significant;;

l in the case of surry, it can be about as much again as the
overall frequency assessed in the first draft of NUREG-1150 ;

(Kastenberg, 1988). In the Westinghouse Sisswell Safety I
Analysis (WEC, 1982), steam generator tube rupture with stuck- '

open secondary pressure relief valves, as well as other
sequences were omitted (Thompson, 1983; Hahn, 1985). In the I
German Risk Study, the V-sequence was included in Phase A (DRS
A, 1979). It was then dropped from further consideration in
Phase B because no significant contribution to SCDP was
expected (GRS, 1986). In the end, it was included again
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3g (Houser, 1989); it.As plausible to assume that the reason for +

this latter change of attitude was not now, deeper theoretical4 '

insight Yesulting from continuing work on the Risk Study, but
rather the fact that the PWR plant Biblis A experienced a very.
severe precursor to SCD via V-sequence in December 1937.

A class of accident sequences systematically excluded from
,

detailed treatment in all PRAs performed so far are those ;

initiated by reactor pressure vessel failure, because chis
'

event is assumed to be too unlikely. In fact, it can be shown
that the reasoning behind this assumption is questionable. This

d' point has been treated in~ connection with Phase A of'DRS-(6ko, '

1983), and is taken up here in detail in section 9.

Effective peer review, efficient and open exchange ofc
information between risk analysts, and growing' experience with
PRAs could in principle-permit PRA analysts to come very close
to the goal of completeness in the restricted sense discussed i

"
here, although absolute certainty that nothing has been
overlooked can of course never be achieved. c

However, considering that in practice there are budgetary
constraints, tight deadlines, as well as changes in plant

i. design'etc. which need to be taken'into account, it must be
'

feared that future PRAs will still be plagued by incompleteness
and unjustified omissions, and the significance of some'

;

accident sequences will only be acknowledged after they have in'

,. ,

s' fact occurred.'

It must also be noted that improved review and critical
discussion of PRAs, in order to better achieve completeness and

| to improve quality, would generally require additional time and
|- hence would increase the delay time between data gathering (at -

*

L the plant under study) and the availability of the final PRA
|-

results. The quality of the results might thus be improved, but
their usefulness diminished (compare section 5).

6.3.2 Baademanas of PRA results
1

It has already been pointed out-(section 5) that the individual'

event frequencies and failure rates which are combined by means
of fault and event trees to yield the frequency of severe core
damage.are' random variables. That is, they are not simple
numbers.which are known with certainty, but variables which can
assume *different values. The reason is partly that two
components are never completely alike; thus, even two pumps of
the same, type, produced by the same company, will not have
exactly the same failure rate; two pieces of pipe, even if
produced in the same manner from the same material, and having
equal diameter and wall thickness, will not have exactly the

I; same probability to break, etc. This kind of uncertainty is
L aggravated by the fact that often, in order to determine, e.g.,

) a failure rate, observations must be drawn from components
which are not exactly identical (e.g., different types of'

valves) in order to obtain a data base sufficient for
statistical estimation. In part also, the random variations

|-
come from the fact that our body of experience is limited; if

|
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only'a small number of failures has been. observed for one type
of component, the exact failure rate could not be determined
even.if all components involved were exactly identical (this
kind of statistical uncertainty does not vanish completely with
a growing data base, but it becomes small if estimates are
based on large numbers of observations).

In practice, therefore, the risk analyst has some idea of the
value a given variable is most likely to have, and of the
bandwidth within which it will almost always lie. The exact.

'

probability distribution is, however, unknown. Assumptions are
made according to convenience - i.e. distributions are
selected, which can be easily handled mathematically, as long
as they roughly fit to the data.

The question of arbitrariness and convenience of assumptions
was already discussed in section 5 and will be further
discussed below. At this point, we discuss a different aspect
of the problem.

.

The SCDF, as calculated in PRAs, is a function of random
variables (failure rates and event frequencies) and, thus, is i

itself a random variable. Ignoring, at this point, the
questionable assumptions and methodological shortcomings
identified here, and taking PRA results as they are presented
by risk analysts, a. severe problem of interpretation arises:
What exactly does.it mean if IAEA demands that the frequency of...** severe core damage.should-lie below 1E-4.per year? Is it
sufficient for the. moan (expectation value) of this frequency
to be below 1E-4/yr? This does not appear to be a very
' satisfactory criterion, since even when the mean lies well
below lE-4/yr, there may still be a considerable probability
that in fact SCDF is higher than 1E-4/yr.

,

For instance, in Phase A of the German Risk Study, a mean
severe core damage frequency of 0,9E-4/yr was calculated. Even

,

! accepting the rather small error factors as given by the
I, authors of this study, there is a probability of 30 4-that the ;

SCDF will be higher than lE-4/yr. Phase B of this study arrives
(without accident management) at a core damage frequency which
is lower by a factor of 3 (according to preliminary results).
It we assume that error margins will be roughly like those in
Phase A, we would arrive'at a probability of about 5 % that the
severe core -damage frequency is higher than 1E-4/yr.

T

The situation is similar for the US study NUREG-ll50 (first
draft). The results are presented in a different, somewhat
confusing manner (there is not simply one probability
distribution for SCDF, but several cases - the base case and
sensitivity studies - which are presented using the format of
" box-and-whiskers". This format has been criticized as
unscientific and misleading (Kastenberg, 1988); nevertheless,
the point is clear that values much higher than the mean value
of.the base case can have non-negligible probabilities. For
example, for the Grand Gulf BWR, with a base case mean SCDF of
2,8E-5/yr, the base case still yields a probability of 5 % that
SCDF will be above lE-4/yr. For sensitivity study 4 (diesel
generator failure rate increased), there is a probability of

|
1
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about 50 % . that SCDF- will be higher than 1E-4/yr. The same
holds,.in principle, for the results of the second draft of |
NUREG-1150 (NUREG-1150/2, 1989), which are presented in '

different. manner. :,

.

Thus, it appears more appropriate to select a different
yardstick, e.g., the.954- or the 994-fractile of.the SCDF .;
distribution. If the 994-fractile were adopted (there is a
probability of 99% that the value of a random variable is lower
than its 994-fractile), and taken as the measure of SCDF which ,

ought to be below 1E-4/yr (according to IAEA safety targets), -
,

the IAEA targets would not be met in 36 out of 39 US PRAs
performed until January 1989, and neither would they be met in
both phases of the German Risk Study.

It should be noted'that uncertainties are even higher when
dealing with containment behaviour in a PRA, so that the -

probability distribution of the conditional probability of ;
early' containment failure (given severe core damage) is broader
and less clearly defined than-that of SCDF. Similar
considerations regarding mean value and.fractiles apply.

,

6.3.3 Error arenamation and correlatioq

It is evident from the above discussion that, in order to draw
meaningful conclusions from the results of level I of a PRA, it :

,

p is not sufficient to consider only the median or mean 8CDF.
Some, measure for the bandwidth of uncertainty is also required.
Yet, there is no straightforward solution to the problem of '

combining the' error margins of individual failure rates and '

event fropaancies which in combination (by multiplication and,

| addition according to the fault and event trees constructed)

|. yield the SCDF.

We have already stated in section 5 that usually for
convenience, it'is assumed that basic rates and frequencies are
lognormally distributed. This assumption alone leads to an

|. artificially small error margin for-the SCDF. In addition, the
; variation factors of the distributions are often too small.

Another assumption is made in PRAs which keeps the error margin'

low: That all individual random variables being ccabined in
fault and event trees are not correlated. It turns out that

h: this is an unjustified simplification which leads not only to ;

|| underestination of the uncertainty in the final result, but
'

| also to a considerable optimistic bias in the mean value of
SCDF.

Therefore, this point will be discussed in some detail here. Toy

|-
begin, let us take the nuclear plant being studied by a PRA at

j' a given moment in time, and (as a thought experiment) let us
assume there is an onniscient. creature-(not unlike Laplace's -

;

| demon), which we will call the PRA-demon. The PRA-demon can,
without delay, determine all failure rates and event

!. frequencies for the given plant at the given moment with
I absolute accuracy (from the viewpoint of classical statistical
l theory, this means: The demon can predict the behaviour of the

whole plant, given that exactly the same conditions as in the

62 e
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moment under study will hold forever, for any period of time !

. -

she choosest'and hence'can determine with any desired degree of
accuracy what the rates and frequencies are for those- ,

*

-conditions)'.,

The. risk analyst, being.less than omniscient, asks the PRA-
demon for.a table of the values of all random variables at anarbitrary moment. Then the analyst compares those values with
his/her own estimated means, which represent averages over a

;certain period of observation, and also over a certain number
of. plants, insofar generic data are used. .If the random
variables are all completely uncorrelated, some of the demon's
values.will be higher than the analyst's estimates, and some '

will be lower, by varying degrees. There will~be no pattern in
j the deviations'between the two sets of. values (formulated with -

more mathematical rigours If such a comparison is performed'

many times, there will be.no pattern in most casess. there might
be a pattern occasionally, but it would be meaningless,
produced by pure chance). On the other hand, if all random
variables are completely correlated, comparison of the

p analyst's estimations with the demon's tables would always'

display a rigid pattern: The demon's values would either all be
larger, or all be smaller than the analyst's, and they would '

either all be larger by a large degree, or-by a small degree,
'etc. That means that the " actual"' failure rates would either
-all be higher, or all be. lower, than the analyst's mean values,.

etc. (In fact, the inaccuracies of the. analyst's data do not
.

% result' solely from the averaging process of their estimation.
There will also be inaccuracies associated with data collectionand compilation, which will, to some extent, blur'the rigid
pattern arising'from correlation. The smaller those
inaccuracies, the clearer the pattern of correlation will
emerge in the comparison between analyst's and demon's values.=;

t'

p If there is a partial correlation, the pattern of deviations
' would not be rigid, but'it would show clear trends, i.e., themajority of deviations = going in one direction.

'

| It is in fact well-known that correlations between failure
rates can and do exist'(Apostolakis, 1986). Nevertheless they
are usually not included in PRAs. This may.be due to

1mathematical convenience, and/or to the belief that the error
| due to their omission is small compared to other error factors

occurring in PRAs. It will be shown that this belief is false,
and that correlation alone can' lead to margins of error whicho

''
are so large that the results are practically meaningless.
It is fairly obvious that the failure rates of nominally
identical components will be highly correlated. Indeed, it has
already been suggested that complete correlation should be
assumed in that case, and that omission of this correlation (as
is customary) may have a significant impact on the result
(Apostolakis, 1985; Apostolakis, 1986).

However, correlations can be important in other circumstances:

O Insofar as generic data are used in a PRA, there will be a
common trend in actual plant data Because of the effects of

63
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varying leve's of quality control, maintenance and repair, ' , ~| i

b personnel training, general " safety culture", etc., and also
|- because-groups of components which were produced at about the

sans time under similar circumstances may have been used in the
plant, there will be correlations among data. Thus, failure

L' . rates will generally tend to be lower than their means, or
generally higher. This correlation certainly will not be
complete, as there is always some random fluctuations but it -

could.be rather high. ;

i

'-
0 Fce both generic and plant-specific data bases, there will be '

'

correlation between actual failure rates at different points in *

time-(as would'be determined, in our thought experiment, by the
.

PRA-demon). General " safety-consciousness" may vary '

considerably (during long periods of uneventful operation,l,
after severe mishaps, etc.), which will affect the quality of
plant,supervisim4, maintenance and repair work, and the like; .

trends may be produced by-plant ageing, by the introduction of
new equipment, etc. *

.

To illustrate the effect of correlations, we will use the i

lognormal distribution, for convenience, and because it is
chosen in PRAs. This choice is permissible for our
demonstration, because we do not attempt to actually estimate

'
,

SCDF but want only to illustrate the importance of one
particular factor. It has to be kept in mind, however, that use
of lognormal distributions excessuvely simplifies the

'
$- calculations and falsely reduces uncertainty margins. The

lognormal distribution has already been discussed in section <

5.3 (for graphic representation, see fig. 5.1). For the topic >

under consideration here, it is important to recall that the
expectation value E of the lognormal distribution is not only |
larger than the median,'but its ratio to the median grows with
K. For example, for K=3, E/M=1,24; for K=10,~E/M=2,667.and for
K=30, E/M=8,48. This ratio grows rapidly for high values of X 4

and reaches, e.g., 279,7 for K=250.

The consequence of this characteristic of the lognormal
distribution is that - all other features being equal - growing

'

L uncertainty of PRA results leads by itself'to higher' values of
the expectation'value of SCDF. This is not a purely
mathematical peculiarity of the lognormal distribution. Rather,
in this particular respect, the lognormal distribution is an
accurate mirror of underlying properties of tho' system under
study. Failure rates and event frequencies are probabilities;
as such, their possible range of values is limited to the
interval from o to 1. They are mostly located rather near.the
zero end of this interval. Thus, in their randon fluctuation
(whatever the distribution), they cannot fluctuate ;

symmetrically on both sides. A random fluctuation towards zero
- towards the " safer" side - must be smaller than one towards
one - towards higher risk. This basic asymmetry grows more
marked the larger the fluctuations (the larger the K value). If
tha median is kept constant, the exptsctation value is more and,

' more determined by large outliers.

When adding or multiplying lognormally distributed variables,
the K value of the result will be the larger the larger the
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correlation between the variables (since uncorrelated-''

fluctuations will partly compensate each'other, whereas
correlated fluctuations will always reinforce each other). For
example, when one multiplies two lognormally distributed
variables with, say, K=5, the distribution of their product
will have K=9,74'for complete lack of correlation, and K=25 for
complete correlation. The median will be the same for both
cases.-The expectation value will be larger by~a factor of
about 2,6, as will be the 954-fractile.

When one adds lognormal variables, the expectation value of the
sua is the same for the correlated and,the uncorrelated case.
The median of the sum js smaller in the correlated case.
However, the 954-fractile ils larger in case of correlation.

(Note that when the input variables are uncorrelated,.an
increase in K will always lead to an increase of the 954-
fractile of the result. If the expectation value of the input .

',

variables is kept constant, increase in K will not lead to'an
increase of the expectation value of SCDF in the uncorrelated
case.) .

As an example, we have taken a simple fault tree fron the first
draft of NUREG-1150 (for an auxiliary feedwater system with 4
valves and 3 pumps plus their drivers; see figure 6.1, and also
figures 7.2 and 7.3) with failure rates for individual
components as given in NUREG-ll50, and calculated the frequency 1

,

' - of.the top event. The calculation was-performed

- for different K-factors of.the individual failure rates
(from K=3 to K=10, a typical bandwidth for K-factors in |

PRA studies); I

- for complete correlation, complete lack thereof, and one
intermediate case.

The calculations and their results are fully documented in 6.4.
In short, the results show the following:

L For K=7 (individual failure rates), the expectation value for
.the top event in the case with partial correlationLis higher !

than the uncorrelated case by a factor of about 4, in the case ,

1with full correlation by a factor of approximately 12. The
bandwidth of the results, as expressed by the square of the K- i

factor, is higher by a factor of 60, or 830. In absolute terms,
the bandwidth is about 80 in the uncorrelated case, 4600 in the i

partly correlated, and 65.000 in the fully correlated case. The
results stretch across several orders of magnitude and are thus
practically meaningless.-

only for the smallest K-f actor considered (K=3 ), are the
results reasonably well-detarmined. Even in this case, the
expectation value is larger by a factor of 3 in the fully

'

correlated case, with a bandwidth of about 500.

Thus, the influence of correlation alone can be sufficient to
render PRA results practically meaningless. Only in a small
fringe area in the space of possible probability distributions
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for individual failure rates (i.e., the range with small K ', ~ |
factors) can some degree of accuracy be reached, if i

correlations are present. At the present stage of data bases,
1

,D such small' variation factors can hardly be reached. 1

(The example also demonstrates the importance of realistic X-
,

factors for the individual input variables,'quite apart from !the' influence of correlations. For the case of no correlation, ~ ;
the bandwidth of the top event frequency is, for K=10, larger ;

by a factor of 16 than for K=3. The expectation value is also 1

larger (by a factor of 7) because in our example, we have kept-
the individual medians constant when varying K-factors.) '

,

It is clear that the subject of correlations, neglected in .

present PRAs, requires high priority. Methods for modelling !
correlations, and for determining correlation factors from raw
data, need to be developed and introduced,in PRAs. Given the
complexity of the. topic, however, the only reliable way to come
to terms with the correlation problem appears to be to

.

consistently make very conservative assumptions - i.e., assume i

complete or high correlation whenever in doubt.

'

\.

6.3.4 concludins remark

The difficulties of performing even an accurate level I PRA
seen-overwhelming. All the problems with variation factors,,

,

i: >k error propagation, correlation etc. could only be completely 'solved if " actual" data for event frequencies and failure rates
were available. Unfortunately, even the concept of " actual"

L values is unscientific, since it is impossible in principle to
,

| observe those actual data. The only way out would be a
metaphysical one, with the help of a'PRA-demon. (This demon >

would also have to have capabilities for instantaneous
computation, as well as instantaa.cous data collaction, in order
'to avoid not only the problems of data and methodological ,'
uncertainty, but also of tins delays.) Unfortunately, such a;

being either does.not exist, or if she exists, it is not known
how she could be recruited for a PRA. ,

*

:

L 6.4 SU M : MONTR CARID SIMIIATION OP FAIIBRE RATES

nasia approach and ammummtions

Ist P(R) be the failure rate for a given component R. We assume
that P(R) is lognormally distributea with a median value N(R)
and a variation factor K(R) (see chapter 5.3). Furthermore, we

,.

|.
assume that it is possible to represent P(R) as

P(R) = P (R) * P (R) * N(R) (6.1], e u

where
P (R) is the contribution of the correlated part of P(R)e|

P (R) is the contribution of the uncorrelated part of P(R)

| and both, P (R) and P (R) are lognormally distributed with_u c
L

median 1. Tnus, the extent to which P(R) is correlated to the
l'
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failure rates of other components can be expressed by an.,

appropriate choice of K (R) and K (R). According to thec u
s.ultiplication rules for lognormaIly distributed variables, the

E following equation must hold:

2 2 2In (K(R)) = In (g (R)) + in (K (R)) [6.2)c

Depending on the underlying assumption on correlation, K (R) iecan be assigned a value between 1 and K(R), thereby uniquely
{~ determining the value of K (R).'u

This-is a very simple model for the incorporation of !
correlations in fault tree analysis. The issue of correlation
is in need of sumstantial further study, and it must be assumed :that realistic models will be considerably more complex.
However, we regard our model as sufficient to illustrate the ;

considerable influence of correlation on PRA results.
,

The MUBEG-1150 fmult tres,
,

/' >
.

For a demonstration of the influence of the K-factor and the'

D correlation on the system failure rates, we have chosen a
simple fault tree from the first draft of NUREG-1150, Appendix
J (figure 6.1; see also figures 7.2 and 7.3). This fmult tree
does not include dependent fallures. Having a negligible
failure rate, the valve c and its associated tank have been.

~ ' ,
left aside. Using simple Boolean algebra, the fault tree can be'

evaluated as follows:

UNAVAIL = vg*v2*V 4 + Y *V *V4 + V *V *V4 + (t+p3) *3 + V *V *V l 3 2 3l 2

((vg+v2)*(8 +p2) + (V +V4)*(ag+p ) + (ag+pt)*(a2+p2))2 3 g

l [6.3)
!

pt and t denote the failure rates
where, to save space, vi,(ma,P(vi), P(ag), P(pg) and P t? frca NUREG-ll50 (first draft),
App 6ndix J, table J13.15, and where UNhVAIL is the system
unavailability, corresponding to the. fault tree top event.

The following Monte Carlo simulation is focused on the
statistical properties of the UNkV&IL random variable.

In order to faciliate calculation, we assume that the
correlated part is common to all components (valves, drivers,
and pumps),*1.e.

g P = P (vi) = P (ag) = P (pi) = P (t)c g c g g ,

and this value is included in the individual random variables
using formula (6.1).

We also select a uniform K-factor for all components. These two
restrictions do not affect the representative qualities of the
results.
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Furthermore, we assume that the component failure rates as $.. ,

given in.NUREG-1150 are median values, thus:
3M(v ) = 4,3 * 10 3 per demand

N(a ) = 1,65 * 10~3 per demand
!

,

M(p ) = 1,65 * 10"2 per demand-
!M(t = 3,15 * 10- per demand
J

Imaata e== la alunistian of *ka am1 4 =d fault tree - am*S 4=1oav !
>>

.six independent Monte Carlo simulations-have been conducted, leach consisting of 1000 simulation runs. In each simulation I
run, 11 values are created, being realisations of 11

'

. independent, lognormally distributed random variables, to be ,

1

used for the 11 basic-failure rate variables ( P( ), P ( ),
P" '$'he" t is Y ,es 5 Y ts $f f 008 #

e r e
random variables each are as followet3 .

5%-fractile median 954-fractile mean |
L' data set $1 0,225 0,985 4,816 1,540 'l

data set $2 0,215 0,985 4,459 1,494
data' set $3: 0,219 0,966 4,714 1,495 ,

data set $4: 0,224 0,991 4,773 1,547
'

data. set $5 0,217 0,985 4,545 1,503 .

L data set 06: 0,222 1,008 4,693 1,542
; . ' . I' There is-reasonable agreement between the data sets. This shows v,

| that reliable results could have been obtained by only using
one set of 11 * 1000 values.

For the simulation, two steps are necessary: ;

l' (1) A value for the K-factor K(R) and a correlation case-
! (total, intermediate, or no correlation - see below) are

,

selected. For each individual failure rate, simulated
values P (R) and P (R) are chosen. The correlation case,
commontEalloo nants, determines the variability of ,

P (R) and P (R) through the values E (R) and gs(qu)eezed"R usingu u
formula (6.I). The basic data sets have to be
or " spread" according to those K-factors. The simulated

,

individual failure rate results now from multiplication of
P,(R)/ P (R) and N(R), the median failure rate from NUREG- tc
II50, e.g.

't, P(v ) = P (v ) * P * N(v)L P(v ) = P (v ) * P * N(v)
etc.

(2) the simulated individual failure rates have to bem.

d' added and multiplied according to formula [6.3), yielding ,

the probability for unavailability of the whole system '
,

(UNAVAIL).
,

'

l
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h* mata carlo alman tion of +h= selee+=d fault tree _- results
'

a

C .The point's to be demonstrated ares

'

- an increasing K-factor for individual failure rates,

increases the K-factor of UNAVAIL, the unavailability of
| the whole system, and>

>

1

l

- an increasing correlation factor leads to higher I

: uncertainties (K-factors) of,UNAVAIL. !,

The 95%-fractile is the value which, with a probability of 954,-;- '

; 'the failure rate will not exceed. The expectation valua-(mean) '

of a lognormally distributed variable is always higher than the
j: . median. Apart from the K-factor, median, mean and 954-fractile

of UNAVAIL are given below (unitt failure per demand).
,

(1) Under the assumption of uncorrelated failure rates, the '

-increase of individual K-factors from 3 to 10 yields an
approximately linear increase of the K-factor KE f0F UEAYAIL3

K Kr median me,an 962-fract11e i.

i

3 3,1 to 3,6 3,40 - 3,61 E-6 4,37 - 4.66 E-6 1.1 - 1,3 E-5
5 5,3 to 7,0 4,64 - 5,29 E-6 8,18 - 9,16 E-6 2,5 - 3.4 E-5

| 7 7,6 to 10.1 6.03 - 7.13 E-6 1,39 - 1,63 E-6 4,7 6,5 E-6..
'- *- 10 11,3 to 16,4 0.61 - 1,02 E-6 2.66 - 3,31 E-6 96 - 1,3 E-4

t

(2).For each K-factor, three cases have been analysed no
correlation (nc, E (R) = 1), total correlation (tc, E (R) =.1),, g t
and intermediate correlation (ic, 4(R) = A(R)). For x(R) = 3,
the Monte Carlo simulation showed t5e follo9ing development

!

corr. Kr median mean 952-fract11e

nc 3,1 to 3,6 3,40 - 3,61 E-6 4,37 - 4,66 E-6 1.1 - 1,3 E-5
ic 10,2 to 10,8 2,73 - 3.24 E-6 7.03 - 8,19 E-6 2,8 - 3,4 E-5
tc 21,2 to 24,3 2,40 - 2,75 E-6 1,12 - 1,34 E-5 5,2 - 6,4 E-5

I'

(3) The same kind of development can be observed for K(R) = 5,
K(R) = 7, and K(R) = 10. For these cases, however, the K-factor
grows to dimensions of several orders of magnitude

KfR) =5
corr. Kr median mean 952-fract11e-

nc 5,3 to 7,0 4,64 - 5,29 E-6 8,18 - 9,16 E-6 2,5 - 3,4 E-5
ic 29,0 to 34,7 3,15 - 4,02 E-6 2,11 - 2,61 E-5 ,91 - 1,3 E-4

tc 87,9 to 107.3 2,33 - 2,84 E-6 4,70 - 6,52 E-5 2,1 - 2,8 E-4
,_
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'KfR) -7;

corr. Kt median mean .954-fract11e
]

*

nc 7,6 to 10.1 6.03 - 7,13 E-6 1,39 - 1,63 E-6 4,7 - 6,5 E-5
ic 59,0 to -77,2 3.61 - 4.82 E-6 5,05 - 6,77 E-5 2,1 13,5 E-4
to 224,1 to 265,3 2.29 - 2,90 E-6 1,39 - 2,17 E-4 5,4 7,6 E-4

J

KfR) a 102
corr. Kt median mean 968-fract11e

nc 11,3 to 15.4 0,61 - 1,02 E-6 2.65 - 3,31 E-6 96 - 1,3 E-4

', ic 120,0 to 166,6 4.36 - 5,92 E-6 1,40 - 2.23 E-4 5,2 - 9,3 E-4
/tc 604,4 to 604.2 2,24 - 2,97 E-6 4.72 - 9 97 E-4 1.4 - 2.1 E-3

<

Thus, it is of vital importance to correctly assess'the.
uncertainty bounds of the failure rate (K-factor) and the
- correlation between fallure rates. A wrong assessment of these
parameters may lead to considerable errors in fault treee
quantification.-

For instance, if it is assumed that E(R) = 3 and failure rates ,

are uncorrelated, whereas in fact, E(R) = 7 and there is
intermediate correlation, a twenty-fold unde nstination of the
uncertainty bounds is the consequence (more complex. fault trees
any even yield higher underestination rates). The real.

? expectation value is underestimated by more than one order of
magnitude and the 954-fractile by a factor of 30.

Inspite of the limitations of our numerical simulation, ouro findings car. be generalised. The incorrect assessment of
failure rata properties (K-factor and correlation) may lead to
serious misinterpretations of PRA results.

1
.

t

4
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,

4
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7 DEPMIDBPP FAIIBRES
,

!
T 7.1 INTRODUCTION I, .

Failures of safety systems or components in case of demand are
not just isolated random events. Their occurrence is influencedr

by a variety of dependencies. These dependencies arise from
interactions on different levels,.and also from interactions ;
between those levels. systems and their individual components, |initiating events, the environment of equipment, and human )'' activities in planning, design, construction, operation, '

maintenance and accident management intluence each other.in
many ways.- '

With growing data bases and the development of< analytical-
methods in the last years, it became clear that

.

" the ability to estimate the risk of potential
| reactor accidents is largely determined by the i
l: ability to analyse statistically dependent
A failures " (Fleming, 1983)

To highlight the importance of this field, it was even saids i

* Indeed the consideration of independent -
..

* fsilures of the components of multiply
redundant' train systems,has almost become of
academic interest only * (Ballard, 1985)

Table 7.1 shows a classification of dependent failure types
that are encountered in proba'ilistic risk assessment (PRA).s

Intersysten and intercomponent dependencies are in fact more or
less the same. They are treated as two different categories in '

| PRAs because of the two-step approach usually employed: At
L first, individual' system unavailabilities are determined by

means of fault-tree analysis. Sat W .tly, those are combined
in event trees,to assess core damsge' frequency. It is' clear
that, where'such an approach is used, intersystem and-
intercomponent dependencies have to be treated separately and
by difforent, methods.

Nuclear power plants employing Light Water Reactors of current
design are equipped with redundant. active safety systems. This

| reduces the'overall failure probability and allows for single
I failures without disabling the whole system. The degree of
| redundancy varies according to the regulations in different
I countries from (n+1)-systems (2*100% or 3*504) which allow for
I one single failure to (n+2)-systems (3*100% or 4*50%) which
L permit one single failure while another subsystem undergoes
! repair (Anderson, 1986).

Diverse systems are sometimes installed in especially
i- vulnerable areas. Examples are the boron injection system as a

second reactor shutdown system, or turbine driven pumps in
addition to the motor driven pumps of the auxiliary feedwater
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system. In contrast'to redundant systems where an additional '!'
> .

safety margin is achieved by multipla identical subsystems, i.

- diversity has the potential of reducing the impact of dependent ,

failures. '!
,

' However, diversity does not imply complete independence.
L Therefore, this reduction in impact is limited. of the total

number of 69 dependent failures identified by the US Precursor ->Study for the period 1969-1979, 14 involvad diverse systems' i. '

-

(Ballard, 1985).
,

i Dependent failure analysis therefore is focused on dependencies
A that can lead to failure of two or more redundant or even

diverse systems.or components. It must be emphasised, however,
that the failure probability of a single component is also ,

influenced by dependencies (see Chapter 7.3.4.1). t

When analysing the dependent failure probability of. multiple
,

g systems, two basic' aspects have to be dealt with (see table ,

7.1): ;

- Common Cause Initiating Events.

- Intersystem/Intercomponent Dependencies '
o.

common cause initiating events are all events which have the
~

potential of causing failure of multiple systems. The best-.

?- known type of events in this class.are the external events, for .

Iexample earthquakoss and plane crashes, as.well as internal"

h fires or floods. One difficulty in analysing this class of
events is that the usual procedure of fault tree analysis1

(definition of a top event - system unavailability - which isy

h traced to the failures.of' individual components) is turned
around.'Here we are dealing with'an initiating event and its- ,

loads on relevant systems. The task is to find out what might
happen as a consequence, and what is the probability of
occurrence. (External initiating events are discussed in

J section 13 and will not be treated further here.)
Human action as a common cause initiating event is associated
with a very high uncertainty range in probabilistic risk ie
assessasnt (Fleming, 1983). No complete specification of the

L events which have to be analysed is available. obviously,
h however, the human potential for errors is unlimited, even

'disregarding intentional acts like war or sabotage, which are
not ir.cluded in PRAs.

IA detailed treatment of " Human Errors" can be found in
L section 8. In discussir g dependent failure analysis, however,

this topic cannot be omitted. Human errors also play a major
p role regarding the second class of dependent failuresy

L
identified above, the intersystem/intercomponent dependencies. i

L
In fault tree analysis of stand-by systems it must be taken
into account that each valve may have been left in a wrong

|' position after the last maintenance, each motor might be|

inoperative since the time of its last repair and.each
instrument might be miscalibrated, just to mention the most
typical errors. In addition there is always the possibility of

l
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design and' construction errors making a component inoperable at :
the time when operation is demanded. Furthermore, it is not '

known what the operator will really do when confronted with an !

unexpected, potentially serious situation. Many such cases are
reported in the history of dependent failures.(NRC, 1982b; i

Ballard, 1985; Ballard, 1986; Meslin, 1989). |
, ,

Icoking at the examples of dependent failures in table 7.1, it -

could seem that human interaction is the only type of ,

'dependency which involves uncertainty. The problem of shared
equipment and functional dependencies can, in principle, be
treated by fault tree analysis according,to the NRC Procedures '

Guide (NRC, 1982b). The case of physical interaction could be
regarded merely as a matter of calculating loads and subsequent '

failure probabilities, and thus could be dealt with.by applying
well established science and engineering experience. In fact,
however, the situation is more complicated. For many dependent
failurse which have occurred,.the dependencies causing the .

fallure were not identified.

For example, gas bubbles were found in all four trains of the
high pressure injection system at Grohnde PWR (FRG) in March
1985. In the. event of a demand for the system, this could have i
led to complete system unavailability. No explanation could be
found (NEA/ IRS 614, 1986).

In the.next chapters the methods-currently in use for dependent '

;

.. fmilure analysis in probabilistic risk assessment will be%
discussed. It is beyond the soope.of this study to treat every
single method and:model proposed in the literature for
analysing dependent failures. Thus, we focus on those methods
which have been used in official PRAs so far. The discussion
will be restricted to multiple fmilures of redundant and
diverse systems.and components, sometimes referred to as common
cause-failuress (CCF). These can occur both as initiating events
(for example. failure of residual heat removal due to CCF of the
corresponding pumps) and as failure following an initiating ,

event (for example CCF of diesel generators in case of station '

blackout). No distinct!on will be made between these cate-
] gories.

|
,

7.2 SUIERRY OF MAIN PROBLEMS

Although dependent fallures are considered only to a very
limited degree in most PRAs, it has become evident that theyI

are major contributors to the overall risk of nuclear power
| plants. Therefore, the adequate treatment of dependent failures
L is of special importance for achieving reliable overall

results.
t

I In view of the almost unlimited number of possible dependencies
in such a complex system, completeness can never be achieved.

!. Thus it must be guaranteed that the most important dependencies
can be identified and treated appropriately, and that the
remaining dependencies do not contribute significantly to the
risk. This is not achieved by current methodology. It is
questionable whether it will be achieved in the future.
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1Dependent' failures can be= divided'into two classes. For the '

*)first' class, the causal relationship can be clearly identified '

and can be included in a PRA by fault tree analysis. For the I

second class, identification.of the causal relationship might,

be possible but it cannot be included in a PRA; " Operator error'

'causes loss of two redundant systems" is an' example for the j
first' class, while a " design error in redundant pump controls" iis a typical example for the second class.

]
!This section deals mostly with dependent-failures of the second
,class. - '

To overcome the' difficulty which arises because these fallures.
cannot~be included explicitly in PRAs, the usual procedurs is
'tn deal with them statistically. Based on' experience, failure trates are estimated not only for single independent component. '

failures but for multiple failures as well. These failure rates
.have to be incorporated into the fault and event tree analysis. *

They cre supposed to cover all possibilities for multiple ;
'

fallure.
-

The main problems of this methodology.are:

- This asthodology is, in principle, suitable for redundant,.
i.e. multiple identical systems only. Dependent failures of J

diverse systeas cannot be systematically considered. Possible'
dependencies between coupletely different systems cannot be

1 modelled. In fact, analysis of common cause failures is, at J
''

present, always restricted to multiple-failures of redundant
,

i systems. Experience, however, has shown that many observed '

( dependent failure events have involved diverse sys,tems.
.

- Although common cause failures are major risk contributors, '

their occurrence is very rare. Thus the data base is in many ,

cases not sufficient to perform a meaningful statistical
evaluation, even when using generic data. As a consequence,
CCF estimations are beset with very high uncertainty ranges.

- The extrapolation of generic data to plant-specific
conditions leads to a further reduction of the available
data, and is based merely on engineering judgment 'and the
analyst's " degree of belief", rather than on established
scientific methodology. Thuc, the results as obtained from

,

the data base by different analysts can differ by several
I orders of magnitude. This is an indicator of the extent of
i the uncertainties.
!

| - Classical fault and event tree methodology is not a very
'

suitable method for analysis of common cause failures. Thus,
a priori assumptions have to be made concerning the

1

importance of dependent failures, which assumptions are again ,

based on engineering judgment and degree of belief.

l

I
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BASIC PROBEENS OF CCF ANALYSIS-
- 7.3

Probabilistic risk assessment suffers from the problem that itsm
methodology is primarily focused on the evaluation of'

G independent fallure modes, whereas in fact dependent failures
,

are the main contributors to severe core damage frequency, as
,

has been revealed by recent studies. Fleming even concludes:
1

e s " It is interesting to note, however, that every
i time an attempt has been made in a PRA to

extend the modelling of dependent events below
the component level, new, important, and
sometimes dominant contributors to risk and

'f , system unavailability have been identified. It
E is unfortunate that we seem to experience the

greatest difficulties-in analysing such
important risk contributors as common cause
events, while, ironically, much less
controversy surrounds the analysis of such non-
contributors as the unfortuitous coincidence of
many independent events " (Fleming, 1986).

h In studies performed' earlier, for example the German Risk Study ;

Phase A (DRS,~1979), it was concluded that common cause |

failures do not generally play a major role. The only exception
which was-admitted concerned the emergency power supply by

. diesel generators. A subsequent evaluation of generic data for
E CCFs for motor operated valves and stand-by pumps by Hennings

(1985) comes+to the conclusion that the inclusion of CCF-rates-
in the fault tree " Failure of Core Coolir.y after Ioss of'off-
Site Power * would' lead to an. increase in system unavailability
by less than a factor of two.

With this approach, only a small set of possible dependencies
can be accounted for. Furthermore, the results of the data
screening procedure cannot be regarded as adequate and' ,I-

conservetive, as will.be discussed later. Hence, the increase i
'

by a factor of two must be regarded as a lower bound.

Figure 7.1 shows4 an estimate for the common cause contribution
to SCDF, for the four US plants (Surry, Peach Botton, Sequoah
and Grand Gulf) which were analysed in the draft NUREG-1150

l (1987).
For the base case shown in figure 7.1, the CCF rates wereI- reduced artificially by interpreting generic mean values as
954-fractiles. Therefore, the upper bound values should be used
for comparison and interpretation. NUREG-1150 (draft) further
underestimates CCF rates, since only intercomponent common
cause failures were considered. This significantly affects the
contribution of common cause failures to the severe core damage

l frequency.

In the PRA for Sisevell B (WEC, 1582), the conclusion was drawn
that common cause failures play only a minor role. Increasing
the CCF rates for nearly all safety relevant systems by a
factor of five only yielded an increase by a factor of four for ,

severe core damage frequency (Vavrek, 1985). As was pointed out ,

|

. n
-
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by Mahn, however, the CCF probabilities are seriously '*

underestimated in the sisevell 5 study due to unrealistically
low cut-off values (Nahn, 1985). Recalculation of CCF rates for
some systems, based on generic data, resulted in significant Iincreases of system unavailabilities (ranging from a factor of '

three for the high pressure injection system to a factor of 300
for the reactor scraa system).

iIncluding dependent fallures into the methodology of j
probabilistic risk assessment is a very ditficult task. First
of all, data are very rare, and therefore plant specific data I
cannot be used. Nowever dependent fallures are often thought to !be highly plant specific (NUmso-1150, 1987). Thus, the use of |
generic date is highly questionable. i

Furthermore, generlo data bases often provide only unspecific
and insufficient information on the background of the events.
Thus, the application of these data to the circumstances of the
plant under study is based merely on uncertain assumptions,

,

engineering judgment and the " experience of the analyst" rather i
than on a reliable and systematic methodology.

]
Another problem is that the analyst must seek to identify all !
possible dependencies in the-plant under study. This
beyond the capability of classic fault tree analysis.goes
Therefore, dependencies on the interoomponent level have to be,

included explicitly into the fault tr9e structure. The result'
,

? is that the systearfault trees, which are already very
complicated, become,even more comples. In many cases, fault )trees have to be simplified again in order to make them less

i

unwieldy. This simplification again requires assumptions, j
guided by judgment alone. i

on the intersystem level two asthods have been recommended by
the US PRA Procedures Gufde (NPC, H 8 2). One method is to ;

explicitly incorporata dependencies into the event trees with i
defined boundary conditions. Se availability of one train of a i
safety system is, thereby, linked to the availability of !
another train. The other method is to link system fault trees I

and analyse.the result for possible dependencies. Again, ;

restrictions have to be made, since data handling beoones the !
major problem for both methods. j

Finally, the atailable data have to be incorporated into a !
model, and ti is model must be applied to the identified |
dependemotos. Osually a parametric model is used, like the 8- $

Factor or the Binomial Failure Rate.model which will be t

described later. It might be assumed that this is the most t

accurate step in the whole procedure. Nowever, the treatment of !
events which have not yet actually occurred, and are therefore
accompanied by substantial uncertainty, cannot be based on ;

''

reliable methods. j
!

In addition to being affected by the uncertainty of the ;

underlying data, nystem unavailability is affected by
,

uncertainties arising from the statistical procedures used, the -

engineering judgment applied in all steps, and last but not ,

'

1

|
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1 east the possibility that the analyst simply overlooked I
*

potential contributors. !

In the next chapters, these basic problems will be discussed in
detail and illustrated by examples.

7.4 COISION CAUSE ANALYSIS IN PRA

7.4.1 CCF Medals

7.4.1.1 Description of CCF Nodels
]

In recent years, various models have been developed to include !
'common cause fallurts in probabilistic risk assessment.

Table 7.2 summarises the treatment of CCFs in some selected
PRAs.

All models mentioned in table 7.2 are parametric models. -i

Although other types of models are available (Fleming, 1983; |

NRC, 1982b), only parametric models have been applied
succesfully in PRA up to now. Therefore, only the parametric
models will be discussed here. 1

1

The available models are !
'

;

| - Square Root and other Coupling Methoda ;
'

,,
s, ,

The square root model used in the Reactor rufety Study |r

assumes that the failure rate of two components is the ;

geometric mean of the values for total inde;,endence an:1 ~

: total dependence. In the German Risk study Phase A, this !

| method was developed further for human errors by :

considering several types of coupling. ,

.

<

- Cut-off Method !
'

:

The cut-off method assumes that, by adding further !

redundancy, the system unavailability cannot be reduced |;

| beyond a certain value. This value is added to the :

| probability of independent failure for a redundant item of
'

;

equipmentinordertoderivetheoverallreliabilgtyofthe systaa. For Sisewell 5, cut-off values of 10~ ar.d :

10~3 were used. ;

>
)

,

Soth models are ad-hoc methods with no empirically founded
*

| t

| justification. Therefore, they are only suitable for
sensitivity analysis, to get a feeling for the possible ,

unaccounted contribution of CCFs in PRAs that consider i

independent fallure modes only. .

- Marshall-01 kin'-Model

The Marshall-01 kin-Model is a very general model for ,

*describing a system of several trains. For each
j '

|
combination of multiple and single failures, a failure

'

|
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rate must be specified. The time of occurrence of each '

combination is assumed to be exponentially distributed,

since the data which would be required are not known in
most cases, the Marshall-01 kin-Model is usually not used
in PRA.

,

i

I

- 8-Factor Method I

The S-Factor method was the first method which linked
independent and dependent failure rates. The factor a
denotes the fraction of the sum of all (dependent and
independent) failures that is due to dependent failures.
The S-Factor method was originally intended to be used for
two-fold redundancy only. Its application to systems with
higher redundancies is believed to overestimate the systen
unavailability.

.

The main characteristic of the S-Factor asthod is that the
determination of 8 is based only on the evaluation of i

experience, and no assumption is made as to the I

probability distribution of multiple failures.
Furthermore, common cause failures are treated
statistically. No specifications are necessary concerning ;

the underlying cause of failure events. <

|

5' In caso of insufficient data, a value of S=0,1 is often j
assumed as a reasonable estimate for all components
(DRs, 1979; Mctmen, 1986). I

i ?

'

- Basic Parameter ?$odel (BPM) !

- Multiple Greek Imtter (NGL) !

l
The BPM and NGL models both are extensions of the 8-Factor i
method to higher redundancies. Both models have been shown '

to be equivalent (Fleming, 1986). Differences between the |
BPN and NGL andels can arise because the input variables |
usually cannot be determined uniquely.from the available

,

data. Por both models, as many patsasters have to be !
determined as there are trains in the system. For these '

paraasters, the same holds as was said about the 8-Factor.
:

The main simplification in the BPM and NGL model is that !
the failure rates a o regarded as dependent only on the !

number of trains that are involved (synestry assumption). |
No distinction is made among the various combinations of *

component failures which can lead to the same number of
failed trains. 1

As an example contrary to this assumption, note that in
German PWRs two of the four trains of the decay heat i

removal system are interconnected with the heat removal
system of the spent fuel storage pool. For such system
configurations, the assumption of symmetry is not valid. !

t

|. ?

|
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~ * Both models are restricted to the analysis of redundant
.

systems. Dependent f ailures of diverse systems cannot be
modelled. j

l

- Binomial Failure Rate (BFR) |.

The BFR model is a specialization of the Marshall-01 kin- I
Model, originally intended to be used in cases where data ]are sparea. In addition to'the assumption of synestry as !

made in the BPM and NGL model, the number of failed
components is assumed to be binomially distributed in the
BFR model. The probability of the occurrence of dependent
failures (" shocks") has to be determined as well as the
conditional probability that the component will feil in
case of the occurrence of the shock.

j A more general version of the BFR model distinguishes
| between " lethal shocks" which affect all redundant

components of the system, and anon-lethal shocks".,

,

The BFR model always includes four parameters, regardless !

of the degree of redundancy of the system. |
t i

The main difficulty in using the BFR model is that, based J

on observed failure rates, assumptions have te be me.de j

regarding what constitutes a non-lethal shocM and aa

G " lethal shock'. This again must be guided by arrgineering !
,

badgment. .

|
As will be discussed later, the assumption of a binomial

'

distribution is not validated by arperience and must be f
regarded as totally arbitrary. ;

The BFR model, like the 'PN and NGL models, cannot be used !B
for modelling dependent failures of diverse systems. |I

1 !

The BF!t, BPM and NGL models are recommended by the first draft I
of NURBG-1150 and by Fleming-(1986) for use in FRAs, on the ,

basis of the authors' experience in application and their !

judgment that the underlying assumptions are reasonable.
1

- Multiple Dependent Failure Fraction (MDFF) i

i
The MDFF model is an extension of the 8-Factor method. !

Like the BPN and the NGL models, it requires the ,

determination of as many parameters as there are trains in
the system. Data on probabilities for the occurrence of *

single and multiple events are the input for the ;

calculation of Marcovian transition rates. Thus, !

assumptions are made implicitly as to the probability 4

distribution of the number of affected trains.
t

Concluding, we note that the acre advanced parametric models
can be divided into two categories. BPM and MGL (as well as the
8-Factor method) are purely empirical models, whereas BFR and ,

,
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MDFF are semi-empirical models, which make use of assumptions I
*

about the probability of dependent failures, to supplement the jempirical data.

1
The problem is that when sufficient data are available,.there Iis no need for additional assumptions, whereas if the data base jis not sufficient, additional assumptions are required, but are j

| to a large extent arbitrary. ;

1As will be discussed later, the-data base is often very poor,
particularly for failures of highly redundant systems. Thus, at

ipresent, none of these models can be expected to yield reliable
results.

J

|
,

7.4.1.2 Comparison of CCF Nodels
,

The first draft of NUREG-1150 and Fleming (1986) compared the ,.t8-Factor, the Basic Parameter, the Multiple Greek istter and !

the Sinomial Failure Rate models. A simplified auxiliary ifeedwater system of typical US design with two actor driven and '

one turbine driven pump and a shared condensate storage tank ,

-

| was analysed. Four motor driven and one manual valve complete
| the system. In figures 7.2 and 7.3 the schematic of the ,
' . components and a reliability block diagram are shown. 1

Table 7.3 shows Fleming's results for the diffezent CCF-models. Ii .

l' ? In addition, results are shown for the case.with all 8-Factors
ogualling 0,1 and for tt9 case of independent failures only. !Doth were calculsted by the authors using PshPA3 (Boiadjisv, i1988), following the prow > dure descr!ded by Fleming (1986).

| Ttw most significant result is that, if only independent '

| failures tre considered, the system unavailability is '

underestimated by nearly three orders of magnitude. Applying
the S-Factor Model is shown to be slightly concervative !

compared to the more sophisticated methods. Setting all 8- i

Factors equal to 0,1 J.s not a conservative approach. (

Regarding the BPN, NGL and BFR modsis, Fleming and NUREG-1150
(draft) conclude.that a good agreement between these models is ;

achievable, provided there is a consistent general framework '

for systems analysis and a consistent interpretation of the j
underlying data base. ,

,

However, it is possible that the consistent interpretation ofi
,

the data base leads to distortions in the application of the
different models. For example, the parameters of the SFR model, ,

in particular the conditional probability for component failure
i

in case of non-lethal shocks, were deliberately fitted to the .

results of the other models.
'

Thus, it might be useful to look into the characteristics of
these models using a more fundamental example.

Hirschberg has performed a comparison of the NGL, the 8-Factor, '

the BFR and the MDFF models, using a rather detailed data base i

!
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| '- for redundant diesel generators as input (Hirschberg, 1945)o

(see table 7.4). j
'

.

obviously, the main ditticulty is the treatment of the !
quadruple event, no occurrence of which had been observed. For '

the MGL method and the direct data evaluation, Hirschberg
assumes one quadruple fallure as upper bound. The other two

'

models do not require such an assumption. Fleming (1986) ion,
i

recommends the use of a noninformative prior S-distribut
,

and the calculation of a posterior distribution for the model I,

parameters according to the data base and applying Bayes' |

Theorea. The mean value of this posterior distribution can then I

be taken as input for the model. In table 7.5 and figure 7.4 |
the results of the calculation are presented for the three 1

possible common cause failure situations 2 of 4, 3 of 4 and
|4 of 4. To supplement Hirschberg's results and for the sake of

comparison the NGL model was also applied to this case by the
authors, following.the Bayesian procedure of Fleming (1986) and
assuming no quadruple failure.

1

l
'

The agreement between the different models is not as good as !
l was achieved in the NUREG-1150 comparison, but the |

discrepancies between the models for the 2 cf 4 and the 3 of 4 1
cases can be regarded as well within the espected uncertainty i
range. For these cases, the sophisticateJ models do not offer ;

m y adv u tages compved to tha relativly simpia f-Factor model. ;
1

4' The crvnial point is the 4 of 4 case, for which all approaches 3

must k4 considered arbitrary due to the lack of data. This i
. point gains additional significance since in some more recent
PRAs, for example in the Phase 2 of the German Risk Study
(DRS-B), a success criterion of 1 of 4, rather than 2 of 4 as
assumed earlier, is assumed for many safety systems (H6rtner,
1986a).

There is good reason for the assumption that failure of 4
components is less likely than failure of two or three
components. Furthermore, it is quite understandable for risk
analysts to attempt to calculate the corresponding
probabilities in spite of all problems. Without empirical data,
however, even the most advanced and complex models will not
produce reliable results.

Therefore, the conservative S-Factor model should be used in
such cases, which are quite frequent in the fis1d of CCF
analysis. An additional advantage of using this model is that
its incorporation in fault tree analysis is auch less
complicated than for~other models.

7.4.2 Fault Tram Analysis

It is very difficult and complicated to include dependent
failures into fault tree analysis. Even when the task is
limited to multiple failures of redundant components, every
possible combination of CCFs has to be incorporated explicitly;

into the fault tree structure (see figure 7.5).

I
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For the simplified auxiliary foodwater system of NUng-1150 as *

already discussed above, the consequence was that the number of
minimal' cut sets was increased from 29 (for independent
failures only) to 129. In full-scale applications of
probabilistic risk assessment, the data handling task would
thus become almost unmanageable. However, this is considered to-

be the only way of guaranteeing that all possible contributors
are included CFleming, 1986). haybe use of the simpler 8-Factor
model (which hn addition yields conservative results) is the
'only way to deal with this problem. i

Furthermore, apart from redundant identical components, diverse l
components and even completely different systems can be 1

involved in common cause fallures. 1

In summary ,

" The number of different combinations of com- ,!
ponents that can be hypothetically linked by a 6

single common cause event is essentially |
unbounded. Hence, a truly general formulation
of a plant-level dependent eventa model is very ,

! ditficult to express, and vtan expressed,
lupeewable to solve. Neoping the number et i

possibiliti+s allowoc for in tne models at a !

manysable level will continue to require :

c, judgment guided by feedback from operating ;
,

experience. Such judgments, however, are not '

*

unlike the numerous judgments that need.to be ;

ande.by a systems. analyst to account for inde- :

pendent events" (Fleming, 1966).. |

The situation becoass even more complicated when intersystem l
dependencies have to 14 considered. For reactor types where the i

redundant safety systems consist of multiple trains with few |
interconnections (for example the German KWU plants), system !

fault trees usually are constructed separately for each train i
and are then combined to event trees. The recommanded procedure 4

of defining boundary conditions for the event tree (see 7.3) :

and thus explicitly incorporating the dependencies (NRC, ,

1982b), which seens'to be the most common approach to CCF :

analysis, is of limited value because of the possibility of ,

overlooking potentially important dependencies.

Another possible method would be fault tree linking, followed >

by a careful search for possible dependencies, and subsequent ,

application of a parametric model. The problem with this method ,

is that the parametric models do not consider the mechanisms !

leading to common cause failures. They only deal with
probabilities (see 7.4.1.1). Thus, dependencies like " physical ;

interaction" or " human interaction" (see' table 7.1), once
identified for a specific plant. or accident sequence under !

study, have to be incorporated separately. ,

t

We conclude that classical fault and event tree analysis, ;

developed for independent events that were originally assumed 5

to be risk-dominating, is not an appropriate methodology to
assess the impact of dependent failures. To combine this :
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methodology with a model for common cause analysis leads to an.

immense expenditure of analytical work, and requires,

considerable judgment. No PRA has ever completely achieved this
! task.
e

i I

'
7.4.3 Data Collantina and Processinqr

:

Data collecting and processing is the most important step of
the analysis of dependent failures, especially if parnastric
models are used. These models are not concerned with the type
of the dependency and the cause of the fallure; they-

j concentrate on probabilities only.

The types of dependent failures which can occur, and their
impact, depend on the design of the plant under study, the ,

conditions during socident sequences, and the organisation of J
testing and maintenance at this plant. Therefore, the usual i

procedure applied in CCF-analysis is to begin by collecting ;

data on rates for independent and dependent cosponent failures,: t

! subsequently screening these data for applies, tion to the ]
. spesial system configuration te be analysed. Although some ,

E systematio procedures for the second step bsxe been proposed
,

| (Watse,1986; Mahoir1,198e; Fleming,19867 NkC,1986b), ''

unequivocal and rep:coducible results are very difficult to :
obtain. ,

;

4 >

7.4.3.1 Dmta collecting j
i

,

| The main problem with collecting data for the analysis of f
common cause failures is the fact that these events are very

.

'rare, although CCFs as a class are major contributore to th.s
severe core damage frequency. :

For example, let us assume that there is an operating -

experience of 2000 reactor-years which provides a data base for ;

a PRA. This is far more experience than that on which PRAs are
'

usually based (see e.g. (Fleming, 1986i Meslin, 1989; Hennings, |
1985)). Furthermore, we assume that one common cause event has
been experienced for a certain redundant system, this being the ;

required minimum for any meaningful. calculation (see Chapter !

7.4.1). The probability for this common cause failure as +

calculated from the date base.would then amount to about 5,7E-8
per hour of operation. |4

t

'

t.CF-rates which are considerebly lower than this value have'

been published, ranging, for example, from 1,2E-8/hr to
6,4E-12/hr (Hennings, 1985).*It is difficult to envisage a data
base.which would permit the reliable estination of such low ;

values.

Thus, the uncertainty of very low failure rate estimates is !
tconsiderable. As a hypothetical example, let us assume that

there are 20 years of operating experience for a plant under
study. We assume further that for a particular CCF event, which !

has not yet occurred in the plant, a failure rate of 1,2E-8/hr
is selected from a generic data base. If this event then

33
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'

suddenly oocurs in the plant, the estimated failure rate will !
*

change dramatically. The now.value (as calculated from one
occurrence in 20 reactor-years) will be 5,72-6/hr, an increase !

by a facter of almost 500. This gives an indication of the }
' uncertainty of CCF failure rate estimates. i

i

iAnother problem of data collection is that it is usually !assumed in PRAs that component failure is independent of the !
accident-initiating event.

For example, if there are ten years of operating experience for I
a single component or a system, and testing is performed once |.per month, 120 test demands tesult. lat us assume that 5 real

!demands occurred during this period, and that 1 failure at real
demands and 9 at test demands were osserved. According to

!

-

common PRA-methodology, independence between fallure rate and
initiating event (real demand, or test) would be assuasd. This
would lead to an estimated failure rate of 0,04 per year (one 1real demand par-2 years; 10/125 failures per demand).

}
>In fact, as pointed out by Ballard, the failure rate would be ;; 0,1/yr (3 real demand per 2 yearst 1/5 failures por real

demand). There must be a dLHtt.nctica between test and real i

,

'

demande. Ecring tests, parts of the syste e are often axamined,

Ii separately, without chec'<ing the complete system. Furthermore, !

the load on a system is quite diffurent for real demands than, '
L ,; for tests (see also section 3.3).

' ,

;

A typical example is the incident at the Brokdorf nuclear poweri
iplant described in section e.3.1.1.3. In this care, the power !supply from all four energency feedwater diesel generators
e

i would have been unavailable in case of a real demand (station
blackout). This defect had not been discovered by testing for 2 ;

,

years. '
,

Therefore, in the U.S. Precursor Study (Minarick, 1982) it was Idecided to count the two failure rates separately. The failure r

rate then was calculated as follows: i
,

ESF= 1/T (ny + (N-nt)*(ng+n2)/(X+N)) where {

ESF= failure rate per year (Event Sequence Frequency)
t T = operating experience in years

N = number of real demands t

X number of tests -|=

nt = failures at real demands
n2 = failures at tests
The possibility of double-counting was accepted in the
Precursor Study in order to avoid underestimation with

;

certainty.
'

Applying this approach to our example yields a failure rate of
0,132/yr.

!

To illustrate this point with another, more realistic example,
the Diesel Generator example considered above (7.4.1) was ,

reevaluated.
.
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The probability of failure of at least two components (2 of 4) iincreases from 1,32E-2 for the original data evaluation (see !

table 7.5) to 5,275-2 per demand for the Precursor Study
method. The probabilities of three- and four-fold failures
(3 of 4 and 4 of 4) do not change since there are no such
demand failures in the date base.

,

i
It becomes evident that current FRA asthodology systematically |

underestimates the probability of single and multiple failureso

of components and systems because of the erroneous assumptionof independence of fallure rates and initial events. 3

7.4.3.2 Data Screening

It is generally accepted that generic data require
interpretation and screening before they can be used for the
analysis of a specific plant. PD.nt design, organisation of 'lmaintenance etc. have to be taken into account. 1

|

This scroonin procedure further reduces' ti.e poor dsta base.6

Furthermore, n most cases the screening appears to rewlt in a
decrease of failure rates.

L l
For ex le, generic 8-Factors were arbitractly declared in the )
draft -1150 to be 9H-fractiles of a lognormal *

. V. distribution with a variation factor P4, although.they had !
L boon explicitly denoted as mean valtas in the source from which *

they were taken. This led to a reduction of the 8-Factors by a
;

factor of alacet. 3.
,

i

Hennings (1945) screened generic data for stand-by pumps and
motor operated valves for application in the reference plant of
the German Risk Study, Biblis 5. Table 7.6 shows the results:
Starting from all available data ('not fault tree specific ),

,

a

all events which were supposed to be irrelevant, or to be
included in other fault trees were excluded, leaving those t

which were directly relevant for the fault tree of the systems !

under study (instrumentation fallures and control or support
" fault tree specific"). Some events were also

" shitted" to
system failures. For the pumps, the data base was thus reduced !
to sero. For the valves, only data for 2 of 4-fa11ures remain. !
The corresp nling probabilities are reduced accordingly.

Three general conclusions can be drawn: I

'

-- The data base for CCFs is simply too limited to yield .

reliable results. This applies particularly after screening to
exclude data from plants with differing designs.

-- Design differences between the plant under study and the
,

plants from which the data base originates can lead to !overlooking dependencies which arise from the particular design !
of the plant under study. ;

-- often, screening leads to a reduction of the number of
events, whereas the underlying operating time or number of

1
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demands remains unchanged. This leads to an underestination of
failure rates. j

tven when plants are in fact comparable, data evaluation is by |
no means straightforwardt ;

* The most extensive use of judgment in data ana- !

lysis is made at the level of data collection !
from the plant operating records " (Mosloh, i

1986) |

Available sources of data such as the US LER (Licensee Event
Report) do not provide enough information to be used as a base
for analysing dependent failures (see also section 5).

In many cases it is impossible to determine whether an
observedmultlplefsilurewasamultipleindependentora {

! dependent it,ilure. In this cr. net a possible approach is to
.

intro boe weighting t'acters which reflect th9 analyst's i
3
?- "estu stion of the degrees to which the events which cannot be .

L r.jsssified are dependent or independent fr.ilures. |
i

The resulting uncertainty can be very high. For example,
Fitsming (11#83) estimates 8-Factors for motor driven valves,
based on a review of 200 incidents. Although only 13 of these
events could not be classified, this led to a notable :

L 1 urtoortainty for the A-Factor This factor was estimated to be i
Letween 0,039 (all unclassified failur u assumed to be' ''

independent), and 0,117 (all unclassified failures e.stuned to
' be dependent).

It might be argued that a factor of four does not represent an
unacceptably high uncertainty, and that such a factor can i

easily be socomodated in an unoortainty analysis. However, this j
factor of four describes the uncertainty of only one of the ;

input parnasters of a PRA. Furthermore, the 4-factor represents i

only me simplest type of common cause failures, namely the ,.

'more than one' failure mode. For failures of three- and four- !'

train redundant components, the uncertainty of the i

corresponding factors is such higher.
: !

7.4.4 Overall IInmartainty, j

In the preceding discussion, the different steps of CCF
analysis and their basic difficulties were addressed. If the !

complete procedure is applied in a PRA, the calculated |
.

unavailability of systems has a high uncertainty. |
'

This is illustrated by a study performed by Poucet (1987). This
istudy, the Common cause Failure Reliability Exercise, deals

vith the problem of identifying, modelling and quantifying
dependent failures. on the basis of a real reference plant and

- one safety system (auxiliary feedwater system of the west,
.

German Grohnde PWR), a common set of problems was defined and
analysed by ten different teams of analysts. {

l

'
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* To begin with, all teams were provided with the same fault tree'

of the system, including independent fallures only. They had to
quantify the unavailability of the system in the event of loss !
of preferred power (First calculation).

1

In a second step a common set of parameters was usad estimated
inaconsistentwayforthedifferentmodels.Themalnaimwas

I

,

to study the ditferences between the models (Second calcu- '

lation). ;

Finally, the teams were provided with a set of event reports. f
On this basis, the calculation had to be performed again (Third i
calculation). These event reports had already been used to '

,

estimate the pt.rameters used in the second calculation. j

The results (syste!r unavailability) are shown in figure 7.c. As [
can be seen, the results differ by two ordars of magnitude even

[
for the third calculation. i

In view of these results and '.he fact that only one anfaty I
systen and only one initiating event were analvsed it becomes
clea; that any analysis of this kind must be plague,d by a

, ;
'

t

significant CC?- related uncertainty. No procedure or model is .

available that is capable of yielding reliable and reproducible |

results with a well-defined and sufficiently narrow uncertaintf !
range. Thus, one of the chief yardaticks to be applied to all r

'

PRAs is the extent to which they asseos the upper bound values.,

for common cause and other dependent failure contributions to :"

SCDF. |

, t
. 1

+

i

!

.

:

I
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8 manu mus&VIOGR In PBA
J

s.1 INTRODUCTION )
|

The " human factora plays an important role in nuclear safety. {
Human behaviour can lead to accident sequence initiation or may j

aggravate accident sequences. On the other hand, potentially ,

dangerous situations may be recovered by human intervention. j

Accident related human actions include errors, sabotage or acts
of war, sabotage.and acts of war will agi be treated in this !
part of the study as they imply voluntary damage or ,

destruction. (For sabotage, see section 17 of this study; for j
acts of war section 13.3.3.) ;

'Deliberate human errors can occur if thers is no consequence to
be feared or if personal benafits are hoped t'or. This aspect is )
not excluded here. |

i

The importance of human actions in nuclotr power plants is due !

i to the fact that
1

* the human error probability is high, $
!* the human error probabi M ty estimation is associated<

with an unkown uncertainty, l causes for common mode
j*

,'

* human actions are potentia !;
'

:| errors,
* it must be assumed that different human errors are not !

independent. i

The key question in this context is whether human behaviour can
be quantified at all. Our conclusion will be that only a very :'

limited part of human actions can be quantified (and has ;

already been quantified). The most relevant errors, the -

important errors in accident situations, escape any reliable
quantification effort. :

| [
i,

5.2 SUM OF MkIN Fwemm

Human error can occur'in any domain where human action is
i

involved. Since human actions play a vital role during the i

i
entire planning, construction and operating period of a nuclear
power plant, human errors have been reported from all those
stages. It must be assumed that the majority of human errors ,

does not occur in the control room although supervision and i

research efforts tend to focus on this area.
! Since human errors are relatively rare events, there is a ;

i
considerable lack of real event data. Error quantification has

I therefore been based on simulator experiments or expert
estimations. There has been substantial criticism concerning
both practices, coming from experts belonging to the nuclear
community, because

1

,

se

i-
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- expert opinion tends to yield overly optimistic results.
i.with an unrealistically narrow bandwidth of uncertainty, :
), - siisulator experiments are not able to simulate the i

actual accident stress level, and they only yield results <

for a limited number of event sequences: Those which have I

been, and can be, subject to a modelling effort. 6

!

Current Human Reliability Assessment (NRA) studies usually
concentrate on actions where the operatore act according to a
plant safety goal. Whilst errors of omission (failure to act) !

can be fairly well quantified, more difficult areas like errors
of commission (doing something else instead of the scheduled ,

. action), cognition and decision based actions (e.g. errors when -

assessing the plant. status when data are lacking), and j
dependencies between different actions and between different .

parsons have not yet been subject to a reliable quantification. .

Thus, it must be concluded that the following aspects; are not !
properly taken into account: .f

* Errern of couraission are of equal importance as errors i

of omission, !
,

* errors during actions based on decision processes are ;

more likely to occur than simple errors of omission, and !

their impact can be greater,

n * understanding of physical processee is taken for -

'granted; however, accidents like TMI and Chernobyl show
that the personnel did not anticipate the consequences for

,

their actions, ;
,

I * there may be a conflict of goals between maintaining
plant safety and operating economically, !

* the-personnel is neither always well-motivated nor
| working on an optimal stress level,

i

* personnel has been observed disregarding safety rules,

* error probabilities for different people working !
t

| together,.and for different steps in a sequence of
| actions, will generally be correlated.

From these facts alone, it must be concluded that human action
is the most important risk factor for a nuclear power plant.
Several. sources assess its contribution to core melt frequency
ranging from about 1/3 to 2/3. j

All these quantifications can only be speculative, since there
are strong indications that both the decision processes and
dependencies between actions and between persons depend on the ,

general background and the knowledge of the involved persons to
such c. large extent that a general quantification is
impossible. Hence, the HRA tool may well be able to
qualitatively indicate weaknesses in nuclear power plants, but
all efforts of quantification of rare events tend to be in
vain.

+
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IIn order to reduce human error, increased reliance on *

| automation has been proposed. However, all software production i
L is as prone to error as any other advanced man-machine i

interaction. Thus, increased automation will merely lead to the'
'

, substitution of one category of human error by another :

| category. For software production, risk analysis and error
| reduction' techniques lag far behind the studies on human factor ,

| analysis, and a quantification of software risk is not in
{ sight. The most laportant consequences of automation would be
i

- introduction of unknown software and hardware hasards, j
- replacement of conventional human errors by software-use i

related errors, 1

- since only routine actions may be automatised, the I
personnel still has the task of dealing with exceptional t

'

events (the most error-prone ones).

| only automation of basic, simple actions in order to reduce the
'

L|i. wortiond of the personnel should be nimod at. In areas where i

(. the consequences are not fully known, automation is not an *

| appropriate strategy.

| Inspite'of his/her deficiencies, the human being remains the I

most reliable element in case of unforsseen events. ],

6 .

8a == =====o .
.

1
'

8.3.1 Whare can human arrer onour in nuc)rar never clants ? :
1

Human behaviour has received little attention in probabilistic |
risk assessment, compared to the efforts of reliability ;

estination for physical components. Blackman (1986) regrets t

>that no comprehensive study of the human factors had been ,

conducted so far. To our knowledge, this situation has not '

changed sinos 1986. However, it is generally agreed in the
nuclear community that human actions play a aaror role in most

,

nuclear incidents. The estimates of their contribution to core i

melt frequency range from 38 % (precursors only, Minarick,
1982) to 63 % (human' error induced core asit, DRS A, 1979) (see
figure 4.1) in risk analyses. Reports from the chemical ;

industry even give a factor of 90 4 (Joschek, 1981). j

According to the Public Citizents Annual Nuclear Power Safety |

Report of 1987 for commercial US reactors, at least 2940 ,

'

" mishaps" were reported in the Licensee' Event Reports (LER) to
the US Nuclear Regulatory commission (NRC). Personnel error was
involved in 2197 cases (74%). Many other mishaps, including
soam of the most serious accidents of 1987, were apparently not
reported (WISE, 1989a). Among the mentioned aishaps were acts ;

of vandalism and sabotage, unauthorized possession of firearms. '

on plant sites, and a three-fold increase in the number of j

reported instances of drug use among nuclear workers.

)

|

|
90 |

|

l

|
. - . . . _ - - _ . - _ _ - . _ - _ . _ _ - _ _ _ _ _ _ _ _ _ . - . - - _ . -- w



-.- - - - - .- --

-
. c

*
.

*
8.3.1.1 Different aspects of human arror in nuclear poweri .

planta

It is often.sssumed that human error concerns mostly the plant
operators. In fact, however, human error interferes at various
levels during plant design, construction and operation.

Embrey (1981) remarks that

"Although attention tends to be focused on the operator in
the control room, several studies ... have shown that
errors in design, construction, maintenance, and testing
are in fact greater potential contributors to plant>

failures. Human reliability data are therefore required
for tasks over the entire life cycle of a plant."

Figure 8.2 shows which human error categories play a major
role, apart from the relatively well analysed control room ,

context. "here has been a number of attempr,W to quantify, for .',
'

the different fields of action in a nuclear power plant, tho
centribution to core melt frequency. -

i

Scott (1981) reports a percentage of to 4 for safety related
events in US nuclear power plants in each of the error :
categories for construction, operation and supervision, and a '

percentage of 5 % for f abrication, installation and u.aintenance
,

; errors each. '

I
'

The UK Central Electricity Generating Board (CBGE) exakined
'loss- of-generation events in nuclear power plants from 1976 to

1982 (pope,1986). The fo110wir.7 contributions from different
error categories were foundt

.

' operating errors 10%
design errors 20% !

maintenance / testing errors 70%

The Oko-Institute distinguishes between eight human error
categories, for which examples will be given (Oko, 1983):

I
- design errors

L - construction errors
- fabrication errors
- maintenance errors
- actions against safety rules :

- wrong interpretation of the reactor status !
- erroneous actions at critical points :

- errors of management and administration. *

To complete this list, we also consider modification errors, as
well as so called " Wrong Unit / Wrong Train"-errors. .

!

8.3.1.1.1 Desian, construction and modification errors

In the U.S., design and construction errors were investigated
by the NRC after the Crystal River incident (1986). For further
details, see section 15.2. Another example for this category is r

91
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the underdimensioning of fuses for the emergency diesels at the
Biblis A nuclear power plant (Oko, 1983). Energency diesel I
generators are vital to prevent severe core damage in cases of '

loss of off-site power.

It should also be noted that it is not only the actual state of
the nuclear power plant which is importants in addition (Pope,
1986)

... it should be appreciated that design change (on"

operational plants) always involves risk and the trade-off
between alternative designs requires careful consideration
hetore implementation."

Any modification on an operational plant's design also creates I
the danger of erroneous actions by personnel accustomed to the

|old plant design.

.

8.3.1.1.3 Fabricatiqn errors

Tlyk casette Nucidaire (G&satte, 1984) reported on a piping
'1

system forc the French Chinon B2 nuclear power plant. The pipes
did not meet the required standard, some c; them having a

';

diameter that was 15% smaller than acceptable, j
j

A problem of fuel fabrication was reported by NucEng (1989b) j,

,J for the French De.apierre 3 nuclear power plant.

... soma of the fuel pellets in the rods had a aiameter :
"

~less than laid down in the manufacturing criteria. ... a
.

reductien of the dianster of the pellets increases the :

heat accumulating in the fuel rod. This would not have any j
effect during normal operation but, in the case of an
accident involving loss of coolant, could lead to a fuel :
rod temperature above safety criteria. The limit exists to I
prevent fusion of the pellets." ,

!

This problem may also concern other nuclear power plants in
|- France (Dampierre'l and 4, Cruas 4) where pellets of the same

manufacturing batch had already been loaded.'

Errors due to faults in design, construction, fabrication or
installation should (ideally) be detected in the testing phase
of a nuclear power plant. If not, it is possible that the
demand of an individual component leads to the failure of a *

safety system. This kind of error is relatively difficult to i

quantify, and consequently, it has rarely been taken into
,

account by PRA studies (Oko, 1983). !

.

At the very least, it should be expected that counter-measures i
'are taken immediately, after such errors have been discovered.
*

Even this, however, does not seem to hold true in all cases, as
NRC (1989b) reports that the Arkansas Light & Power company was ,

fined because four safety related questions had not promptly
been resolved.

,

1
|
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"The time that these questions went unresolved ranged from
several months for three of them to more than six years '

for the other. Although analyses eventually showed that
all these matters had minimal safety impact, NRC believes,

they should have been evaluated in a timelier manner."

Although the failures must have been known for a considerable
; period of time, the utiJ ity did not feel obliged to act. NRc
| remarks that the consequences were minor. However, it must be
I noted that the defects concerned safety-related equipment.

5.3.1.1.3 Kalntanance errors

At the Brokdorf nuclear power plant, it was found during iroutine inspection that all four emergency fondwater diesels l

were lacking important parts which would have caused component !
r
'

failure in case of demand. The defects were discovered 1988; '

the parts had been lacking since 1986. For examples from the
U.S., see section 15.2. ;

!
,

I
ic Maintenance errors have r.ot tsson te. ken proper account of in the

|Gsrman Risk study, Phane A. It is claimed that their influence
tis negligible.
i,

E Figure 8.2 does not support this claim. It should be ncted that
! maintanance actions may be causes for common mode failures Jn i

redundant systems, for example by a vrong calibration of
several trains of redundant components. With the exception of ,

-

monitoring channels and monitoring channel groups, this common
mode aspect remains totally excluded from the Germaa Risk

,Study, Phase A (6ko, 1983). '

!
8.3.1.1.4 Actions anainst safety rulaa j

,

During the Biblis A accident in the FRG in 1987, which was a :

precursor to a LOCA, a warning light was overlooked by the ;

operators for 15 hours. This light signalled that a valve was i
open between the low pressure injection system and the primary
circuit. The reactor operator who finally noticed this state ;

tried to remedy the problem by slightly opening a second valve, !to generate a pulse which was intended to close the first
'

valve. Since this action was not successful, he proceeded to
plant shutdown, as laid down in the guidelines. The opening of i

the second valve had resulted in a release of radioactive
steam, bypassing the containment for 2 - 5 seconds.

In September 1988, an incident occured at Stade PWR (FRG). f
valves in all four main steam lines shut because of an
electronic malfunction. According to plan, this would lead to )
an automatic shutdown of the plant, but the operating crew ;

wanted to avoid this and tried to manually reopen the valves.
,

However, the automatic reactor protection system finally
overruled the operators and shut the valve again. The
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manipulations led to considerable vibrations of the staan *

lines, which at stade NPP are particularly vulnerable to break.

| At the chernobyl nuclear power plant, the operators switched )
off vital safety mechanisms (see 8.3.1.3.2). '

i

The German Risk study, Phase A, excludes unplanned, j
; provisional, unforeseen actions as well as actions vio1Atiney i

the safety rules. However, there is enormous scope for e a
actions. The results of human creativity and fantasy in complex
situations cannot be predicted (see s.3.1.3).

1

I

4.3.1.1.5 wrona internretation of remeter status !

At the chernobyl nuclear power plant, the opsrating crew
i

regarded an unstable plant state as sufficiently stable to
conduct an experiment - the consequences are well-known (see
8.3.1.3u2).
During tas Three Mile Island accident in 19793 many experts did I
not consider the possibility that the gas M bble that nad l

! formed inside the containment could consist of hydrogen. j

A birarre event of this type occurred at th4 U.S. zion plant in )
1981/92. In the spring of 1961, the plant was shut dogm for
steam generator repairs. To prevent water from getting into the |. stcea generators, large aluminium plates were installed in the'

4

| primary pipes. The plates contained an aluminium hinge through i

the middle to facilitate installation and removal. When the ,

I. work was completed, the personnel forgot to remove the plate j
from one leg of the plant. The plant'was started up, and ,

'
reactor coolant flow from one loop registered low. Instead of
believing the instruments, the operators assumed that the
instruments were incorrect, and recalibrated the flow !
instruments to read full flow. Eventually, the hot, borated ;

coolant ate through the plate, thus slowly increasing coolant ;

flow in that loop. The operators again recalibrated the flow ;

, instruments, without realising that something was seriously *

| amiss. Eventually, the hinge portion of the plate broke loose, i

and slaaned into the steam generator, severely damaging a large ,

number of steam generator tubes. The plant had to be shut down i

and a large number of steam generator tubes had to be repaired ,

'

(NRC, 1982c).
4

4.3.1.1.6
- actions at critical nointsm==

"There exist many accident conditions which " lock" very ,

similar to the operator (i.e. exhibit common symptons) but ;

call for different operator response. In addition, there !
are many different plant states which call for an
identical operator response but exhibit a number of .

extraneous symptoms." (vonHermann, 1981) |

Thus, taking action during an abnormal plant state always
involves the risk of error and misdiagnosis.

,
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'* On November 11, 1988 the Soviet nuclear icebreaker Rossiya.

narrowly escaped a nuclear accident in the port of Murmansk
(WISE, 1989b). According to a UPI press report of February 20,
1989, the chief physicist gave an erroneous command. The
command was apparently to open a drain valve and set off what
the article called in its h6adline, "four minutes of nucisar
danger". Thanks to the emergency protection and the further
actions of the crew, WISE reports, the situation was
stabilised.

Nuke (1989) reports a severe damage in the recirculation pumps
of Fukushima II-3 nuclear power plant. In the beginning, the
utility, Tokyo Electric Power Company (TEPCC), only found that

"a 100 kg ring attached to the bearing of the pump had
become-dislocated and damaged the vanes of the pump. Also
two metal pieces were missing and might have found their
way into the reactor core.'

' Your weeks later,

j "TEPCO's investightton has already discovered 10 fragannts
; and some meth111c powd6r at the bottom of the reactor

'isssel and 13 fragmenta inside the jet pump. Metal pieces
were also observed on 122 of the 764 fuel assemblies. Thes

largest fragment is 10.5 ca long and weighs 9 grams. ...

I U When the first alara sounded on tbs morning of Jan. 6,
| signalling abnormal vibration of the pump, the operators

only reduced the rotatiwnal speed of the pump and kept it
operating for another 14 hours with the slara sourAing
most of the time. If the pump had been stopped
immediately, the rupture could have been prevented."

l' 4.3.1.1.7 Errors of - --- me and ma=inistration

i
PRAs at the current state of the art are unable to treat the

, influence of management attitudes and management practices on'

risk. They typically assues at least average training of the
personnel. In addition, they cannot treat the impact on risk of
" inadequate management culture" (illustrated, e.g., by the
Peach Bottom incidents). Furthermore, PRAs do not examine

|
j - whether the maintenance budget is adequate;

- whether' sufficient budget is available for continuing
training of operators, maintenance personnel, and
others with direct influence on safety systems;

- whether management and first-line supervisors are
adequately qualified for their positions;

- whether the quality assurance and engineering procedures
for design reviews, and other quality assurance
practices are adequate;

- whether the controls on overtime work for licensed
operators and key maintenance personnel are adequate to
prevent increases in errors due to excessive fatigues

- whether substance abuse counseling and prevention
programs are adequate to prevent substance abuse from
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affecting operator or maintenance personnel !
*

performance #
!

- whether maintenance records are sufficiently in depth and I

used adeguately to prevent clusters of failures, to !preclude repetition of dependent fallures, etc.;
!- whether procedural compliance is adequately stressed and
|

'

monitored by quality assurance and others;
- whether adequate resources are given to procedure j

development and revision;
i- whether adequate levels of safety can be maintained

during strikes, and the likelihood and influence of
atrikes

- whether there is adequate staffing of operations, fmaintenance, and other personnel at the plant. j
the human factor in fact is much broader than theThuslderationofhumanerrors-itincludesthetotalityofcona

|management practices, administrative controle, information
1gathering systems, budgeting, and decision-making prot, esses by !

which nuclear power plants are designed, constructed, operated, |i- maintained, and modified. *

8.3.1.1.4 ".XI99R llna.t/wran= Train"-arvore |

In France, two nuclear power plant units are usually connected
to the sano< operating building. This has already led to several Ii ...' safety-relevant unit sin-up. incidents. |

t

For example, a " Wrong Unit"-incident took place July 1, 1984 at |
the St-Laureitt u -2 aux plant. cor.vinced that he was daaline '

with the shut-down unit 31, the operator instead command &d the
opening of the valves linking the primary circuit to the shut- i
down cooling circuit on 32, which'was in operation. "Most ;

fortunately the. valves refused to open", noted the cafety |
authorities. The valves failed to function because of the !
pressure difference between two circuits. The shut-down cooling i

circuit normally operates at about 30 bar. It is not designed :

| to withstand the operational design pressure of the primary !
! circuit, 155'bar. If the valves had not malfunctioned, the !

| situation would have almost certainly resulted in a major break
and significant Inca outside the containment (Anderson,1986). |

| In the,U.S., 24 " Wrong Unit"-events have been reported between |
1981 and 1945 (NRC, 1986c).'

;

t

rurthermore, incidents involving mix-up of trains or components !
! within one unit are frequently reported (e.g., 65 " Wrong !
, Train"-events,'and 41 " Wrong Component"-eventa in the U.S. 1981 !
l

- 1985) (NRC 1986c). t

| :
1

5

t

.
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8.3.1.2 Busan psychology and working conditions |
|

8.3.1.2.1 Ergonomic analysis of workine accidants in industry !
I

An ergonoalc analysis of general working conditions and Ibehaviour in (non-nuclear) industry shows (table 8.1; R6bke,
1973) that the actions and situations encountered in nuclear |power plants are exactly those which are the most errorprone, j

Unfortunately, the human being does not always react in a way |as to avoid risk. On the contrary, s

"if risky behaviour results in success and yields the
desired effect, the human gets a confirmation of his !
evaluation of his proper capabilities. So he believes in .!an increased importance of his role, often leading to an i

increased self confidence." '
.
:

This self-confidence may result in a wrong self-esteen where a
pecson regards him/herself as capable of handling particular |
situations which in fact he/she is aga capable of. Risk- !

increasing motivation ctrongly depends on the subjective i

assessment of accident probabilities. ;

| "If an accident sequence is a rare event with a !

probability of less than 1 4, the related behaviour is not, ..
,

| felt as "less dangerous" but simply as "not dangerous at
"

| all"."
. !

| This observation (R6bke, 1973) is emphasised by the fact that i

| 84 % of all accidents are related to vicistions of company- !
j. specific accident prevention rules. i

:

Among the factors initiating the wrong behaviour are !
- boredom, monotony of work, t

- lack of familiarity with incoming information, ;

- duration of working time, working night shifts etc., '

- interest for and satisfaction due to work. !

It will be shown in 4.3.1.2.2 that these problems are inherent !
to the tasks.of nuclear workers and cannot be removed. ,

A question frequently asked in the nuclear community (Hall,
1985) is. !

I
"to which level ... an engineering model of human
performance (should) be anchored to psychological

| conttructs."

| If the task of including psychological factors in human|
,

performance models is taken seriously, it must be recognised
that in the absence of a perceivable danger (due to its low
probability), the control exercised by supervisory bodies plays

i an important role in motivating plant personnel. Thus, the
human influence is further increased and complicated, due to ,

human interaction on the supervisory level. A typical '

consequence is disobedience to safety rules issued by the .

! 97 '
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supervisory body. Such cases are frequently reported, e.g., in I
'

the U.S.NRC News Releases. They lead to a degradation of the I

" safety' culture" because safety is not regarded as accident- i

related but as supervision-related the important point is not
to avoid hasardous situations, but to avoid being caught,

i

4.3.1.2.2 Work in a nucinar newer niant and hunn navcholoav f
s

This chapter is based on two reports (Moldaschl, 19687 Libd, !

1948). !

!
For operators, the basic working conditions have boon defined !by engineers. In principle, the engineers attempt to design an i

error-free systaa. As no system is completely free of errors, ;

however, the main task of an operator is to be ready for |
situations

|
* which have never occurred before

,

whichhavenotbeenanticipated1nsystesdesign,and*

for which no operating experience exists. !*

Thus, the operator is sitting in a wellesheltered room where
; thousands of lights signe) incoming information - a silent '

atmospheti, only disturbed by the everlasting sound of the '

t

| } printer, putting these informations on paper. The most ;

| physically strenuous of the operators' tasks is the control !
round, at least once overy 24 hcurs. ;

.

In this artificial environment, the operator facos several i
dilemmas: i

!

- the formattina dilemma .

'

the nuclear power plant usually works in an automatic -
,

mode. However, in case the automatic system does not'

,

function, the operator has to act :

* immediately, !
* efficiently,
* with routine, and

.

t* without errors.
As most of the routine burden has been taken off the i
operator's shoulders, he can rarely count on his routine ,

and experience in such situations. (Moldaschi is comparing |
this task with a surgeon having to operate in an energency

; after a break of several years.)

.
- the rammenaihility dilemma |

| There are fixed rules and procedures for the case that an
incident occurs. However, incidents quite often include !

unforeseen phenomena (see Dougherty, 1985). Thus, these ;
'

l.' rules cannot be applied rigidly; they may even be counter-
'

; productive (see section 14 on accident management). In '

;

this case, the operating crew has to take theI

i responsibility to find a compromise between a flexible
I interpretation of the rules (which also implies

modifications of the rules) and a strict shut-down-when- ,

;

|
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in-doubt strategy - thus, a trade-off between economic and !
safety regsairements.

|
- the connantrat4an dilemmat

For hours, days and months the daily routine may be l
unbroken. But in any second an event can occur. Thus, the I

operator has to be very attentive to a process running i

smoothly by itself. This situation can be compared with a j

sprinter sitting at the starting point and knowing that j
sometimes within the next couple of hours, the race will :
start. He will never beat the world record i j

t

- two information dilaamast j
* in case of an accident, the avalanche of information ;'

coming in is very likely to surpass human cognitive
capacities.
* arriving information has already been pre-processed by
the automatic system, which may interfere with the correct j

'

interpretation of the situation by the operators. ;

L

I - the == =* 4 m= di1=-- :
such accident and risk situations which are marked by a !

high stress level have rarely been encountered yet.
,

iNevertheless, the chairman of the German Reactor Safety
Commission A. Birthofer states that " human errors should be !'

substituted by intelligent logic" - an approach which is ,..

inevitably further degrading the above situation, es highly i''

qualified esonnel sit idle waiting for a rare eastgency which
cannot be led by the system and its " intelligent logic". A ,

!. risk factor which has been severely underestimated up to now is !

the nuclear power plant designer's assumption that he is able I'

to control complex technologies by means of computers only,
i

8.3.1.2.3 The 14-=1 -- ---hina in+=ef=e= ,

, ,

In 1985, Blackman of EG6G suggested an integrated approach to ,

man-machine interaction. He regarded the studies which had been ;

performed to date as not aufricient. He (correctly) describes
the ideal man-machine interface as

"a machine (system) made to fit the potential...
A

capabilities of the man".
'

rurthermore,

"the human must ... be provided the proper environment for i

optimal performance".

In order to approach the difficulty of this task adequately, -

Blackman demands that it must be possible '

"to generate a model capable of predicting (human)
l performance"

I and he continues :
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"the scientific and historical literature tells us thathuman performance cannot be completely modelled, i.e.
predicted. However, it is that sans source which tells us'

that within defined environments human performance can be
predicted sufficiently to permit planning and execution of
relatively narrow missions. It is our' postulate that the
safe operation of a nuclear plant is one such narrowly 3

1detineable mission".
More precisely,

" the mission oriented perspective defines the power...

plant as supporting the operating crew and their goals, l
which is the converse of the crew supporting the nuclear |engineer's plant".

.{"

We have seen in the preceding chapter that this postulate d'

cannot hold for present-day nuclear power plants where |
1 operators are mainly required for emergency situations, i.e. l

where the operators are supporting the anolear plant. I

S.3.1.2.4 Findl*== of tima a - eviaarv mimmiana
l

IAEA OSARTs (operational safety review teams perform a three !week in-depth review of plants' operating pra)ctices, involving
i

..
!| '' up to 12 experts from IAEA, utilities and supervisory bodies. ;

The als is to assist the utility in improving the safety of the i
| plant. Usually focusing on unplartned reactor shutdowns, worker '

| exposure and equipment malfunctions, 08 ARTS have visited more
than 24 nuclear power plaats. Since 1985, they have developed a !

' ,

catalog of 39 indicators which serve as a yardstick to assess ;
the current safety situation of a nuclear power plant.

|

These indicators show that 50 - 70% of all problems are due to
human failure. of these, 204 (= 10 - 144 of all problems) are .

due to poor qualification of personnel and 404 (= 20 - 284) to !
personnel management and personnel support factors. !
Furthermore, it is said that 30 - 70% of all deficiencies would '

have been detectable before the error occurred, provided
suitable detection mechanisms were available.

The most threatening results of the osART missions are that
!(NucEng, 1988b) '

* aost plants had not introduced modern annagement tools
,

and supervisory techniques - leading to the responsible
,

management's ignorance concerning human performance and
,

plant equipannt status.

* at several sites manpower resources appeared '

| insufficient to cope with all the tasks without undue
| strees - thus, even relatively harmless incidents can lead
! to a high-stress atmosphere which might render the

incident more severe because of misdiagnosis or wrong |
actions under time constraints.
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:* at only a few plants were there signs of obtaining the :ultimate objective, a " safety culture's a persuasive jewaramama that safety must be a top priority in all ;planning r.nd execution. )

It appears.that the working environment in nuclear power plants -|
is often lacking vital safety mechanisms and safety
consciousness. i

!
!

8.3.1.3 intentional misbehaviour -
A risk factor which can hardly be quantified I

!
A very important risk factor cannot be quantified and, as a
consequence, is ignored by today's PRAs voluntary violation of
safety rules. We can distinguished between |

r

* individual and group behaviour I

the nuclear power plant employee tries to distract
himself, to simplify his duties or to escape punishment .

after an incorrect action *

* cconomic and public pressure
i the utility has to denonstrate to the public that the !

nuclear power plant operates properly and economically. ?

Ideally, this would require that there is no (reported)
incident or accident and that the plant is always working. ..

,

''
at the scheduled power level. This can lead to attempts to |,

avoid shut-down even in dangerous situations.'

; * social acvement I
an employee belonging to a social pressure group may be -

caused to act against safety rules. 'mt example of
. problems created by strikes in France is discussed below. ,

| t

8.3.1.3.1 g ual and arous M aviour I

A discovery made by the Institute of Nuclear Power Operations .

(INPO) received considerable attention in 198T when operators .

were found to be sleeping at work at. peach Botton nuclear power !

plant. It turned out that there had been (NucEng, 1988b)

a. occasions when the control room was not manned as ,

required by technical specifications
one ooossion when only one person was in the control room,* ,

with the units at power ,

another occasion when all personnel in the control roome

were asleep
playing of video games by lincensed operators on computers*

in the control room and in the computer room
* rubber band fights and paper ball fights by licensed

operators in the control room -

* one instance where a GE engineer (assigned on a shift with
the operator) (General Electric had sent advisers to
improve operating crew professionalism) was not
permitted in the "controla" area and another instance ,.
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where a utility QA Inspector (assigned to monitor shift '

turnover) was " kicked out" of the control room by the
shift operator crew for no just reason, and with
laughter afterwards in the control roon

. widespread reading of non-technical material

. hostile attitudg of operators towards management

. disrespect by operators for plant procedures (i.e.,
operating procedures were viewed only as guidelines) )

an occasion when a radwaste shift operator was asleep on a !
.

table in the radweste control room, covered with a coat
. an occasion when non-licensed operators locked themselves !

in their " shack" in the turbine building (that had its I

windows covered so that activity inside could not be :
observed) and were asleep." |

These incidents were taken very seriously by INP0 and N3tc, and |

they criticised the utility (Philadelphia Electric Co.) on the l
management level for not being able to deal with this lack of '

safety consciousness on the operator level. As a consequence,
the N3tc suspended the Peach Botton 2 and 3 operating licenses
and the nuclear power plant had to shut down. Furthermore, the
N3tC proceeded to issue civil penalties against individual
operators - the first time this has ever happened.

These incidents do not represent single, isolated events. This ;

aust be concluded from the N3tc policy statsaant 10 CFIL Parts 50 1

and 55 (N3tc,1989a) which was introduced by: |,.

t

"On a number of occasions, the N3tc has resolved reports ,

and has found instances of operator inattentiveness and ;
unprofessional behavior in control rooms of some operating '

facilities. Reported instances includes t

(1) licensed operators observed to be apparently sleeping ;

whLle on duty in the cor. trol room or otherwise being ,

inattentive to their license obligations, ,

(2) operators using entertainment devices (for example,
radios, tape players, and video games) in the control room ;
in a way that might distract their attention from required ;

isafety-related duties, and
(3) unauthorised individuals being allowed to manipulate
reactivity controls.
Such conduct is unacceptable and inconsistent with the
operators' licensed duties."

The problem is that employees can have subjective priorities
; incompatible with safety goals. such subjective priorities
| aight result from boredom (need for distractions), but also, .

e.g. from fear of punishment for sistakes. In the same release,
the N3tc describes an incident at the Oyster Creek nuclear power
plants ;'

| "Both an NItC inspection and an investigation done by the ,

'

company found that the safety limit violation occurred
when the operator sistakenly had turned off the fourth of

I' five loops in a reactor water circulation system while the
l' plant was shut down. At the time, three of the five loops

had already been closed, thereby leaving only one such
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* Iloop open. This condition constituted a violation of the
!

*

NRc requirement that at least two of five loops in this
i

|
system be fully open at all tiass. The violation lasted

|
|

appreminately two minutes, from 2:17 a.m.,to 2:19 a.m., on i

i september 11, 1987. )i-

i

. The NRC, as well as a separate company investigation, also I
I

i found that the operator, after correcting his.orror by
opening two more valves, destroyed a paper tape which
provided a chronology of the event. He tore off a portion ~

,

L of the print-out that logs control room alaras and
!; discarded part of it in.a trash can and flushed part of it

down a toilet. Op0N'(the utility) subsequently fired him."

However, tougher reglementation can provoke actions theti are
deliberately violating these new rules because the personnel
may not totally accept the tougher working conditions or may
consider the new rules as less important than the old enes.

8.3.1.3.2 Economic and Dublic areasure

High pressure from the utility or from the public to meet
performance goals can lead to a phase-out of safety mechanisms. -)
As can be seen in a report of the Institute of Nuclear power |

Operations (INp0) to the Sacramento Municipal Utility District I(SNUD) concerning the Rancho Seco nuclear power plant, this has ;

;; lead to several incidente in the plant (NucVeek, 1939c): '

!

"The report says the causes of the incident, which !increased the feedwater system pressure to nearly three '

times its design pressure, include poor maintenance ,

practices and training, poorly organised and trained |
engineering personnel, and insuff;,cient management :
involvement. 1

The report, made public by SNUD, also says that plant i

operations and maintenance personnel " perceive that they !
are under undue pressure to complete tasks" and that

,perception "has contributed to performance problems that '

resulted in plant incidents." For example, the report says ;

that during the naaanhae 12 steam generator dryout i

incident, the load dispatcher " expected the return of the
,

plant to the grid and requested repeated schedule updates" t

from the shitt supervisor. "This may have been a factor in |
the crew's decision to keep systems on line with multiple !

component fallures." |
Ranobo seco is under pressure to meet operating conditions ;

sacremento county voters approved last year. The voters, '

in approving an 18-month trial run for the plant, said ;

that if the unit's performance fell below 504 for four ;

consecutive months after December 31, 1938, the plant :

would be permanently closed unless the sMUD board decided :
J, continued operation was in the utility's best economic i

interests. In June, the SMUD board is required to hold I
another referendum on whether the plant should continue to I

operate." i
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i* 'It-is obvious that utilities tend to reduce the duration of '
t

p inspection periods as'such as possible because of financial
. reasons. This may even lead to the violation of technical

'
,

'

specifications (for example, having both trains of a redundant ifs two-train system out of service at the same time, while
? continuing to operate). However,.the possibility of such ''

L violations is not included in PRAs. It is also noteworthy that' - violations may occur with the consent of the licensing
authority ( which can grant exemptions fron specifications. j

L A further' example is the.Chernobyl accident where an >

, engineering team tried to perform an experiment which was !

possible during the shut-down phase of the reactor only. As theo

shut-down sequence.oculd not be run as usual, the team:

overruled'a number of safety. systems,in order to execute the
experiminnt and not' to.have to wait another two years for the i

next routine shut-down operstion. As the safety systems .were
vital to prevent the precarious state the plant was going into, a
it was impossible to stop the accident sequence after the- |
initial: phase of the experiment.

I

I

4.3.1.3.3 Social anvenant
,

.

Another issue which can hardly be quantified is the influence !
of a' strike movement on activation and discipline of the !

,; personnel. During the IAEA OSART mission to the %. Albans '

nuclear power plant in France, the IAEA team found that such a> $
,

,

! condition'(NucWeek, 1989c) i,

"... could potentially pose operational safety problems:*

,

the year-end strike by EdF [Electricite de France-- the
utility)' nuclear plant operators was in full swing during
the IAEA mission.
The problem, the IAEA taan.said, was."the obvious ;

interference of the strike committee's orders with the
normal lines of authority and responsibility." The strike
consisted of continual power level reductions, and strike
leaders routinely would come,into the control room to ask
for. power drops, even.when the plant manager had received
a grid request for full ~ power. As explained February 23 by
EdF's IAacien Bertron, this meant t. net during the strike,
"the authority of the plant manager was flouted on the
point of output, so would it also be on the point of
safety?"

Inspite of these concerns, in this case in fact nuclear safety
requirements placed restraints on the strike movement, and not.

,

vice versa. EdF personnel on strike did Dg1 drop power in some
nuclear power plants because the fuel was nearly burned up, and
a power drop would have caused increased pollution and an
outage of several days (Libe, 198W).

8.3.2 Human actions modellina

Modelling efforts of human actions in nuclear power plants
include a variety of techniques usually based on a
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I'* classification of the tasks to be performed (Birkhofer, 1986).
*t In most cases, the efforts focus on operator behaviour, I4

although human influence in areas like maintenance,
construction & fabrication, design,...(see 8.3.1.1) is far more
significant.

.

!

!

8.3.2.1 Approaches to classify human actions

There has been a number of classification efforts, attempting
to identify individual steps of action sequences, and treat |
those steps separately.

,

'"icsson (1981). introduces three basic human error categories:
(1) human errors initiating accidents,

'

:

(2) human errors affecting systems availability,
(3) ~ human errors during accidents.

This scheme is also cited by Oko (1983) and Anderson (1986).

Joksimovich (1988) considers five classes: ;
q

L, - testing and maintenance actions prior to an initiating i
event, .

- actions which might cause initiating events,
- eastgency-procedure-driven actions taken to deal with
and mitigate the consequences of accident sequences, '
- actions which aggravate accident sequences,p
- recovery actions.

Actions involving deliberate disabling of safety equipment are
also mentioned and included in the first point. .

! |

L
Fouco (1981) assesses human errors by

.
- an a-priori probability estination and

| - an a-posteriori probability estination.
A-priori probability estination is based on event tree and i

fault tree analyses, while a-posteriori estinations rely on '

;; questionnaires, simulator data and other after-action;

evaluations (Oko, 1983).
|:

l,. Rasmussen (1979) defined the notions of skill based, rule
based, and knowledge based actions. Skill based are those
actions which are routinely performed, rule based those for
which the operator needs the support of procedures and rules,
and knowledge based are those which rely on the operator's
knowledge of the plant, and where no rules have yet been
formulated (Hannaman, 1985a).

Pope (1966) recognizes that
"there is little consistency between classifications and
few take account of the dependence which exists between
human errors."
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Mostly, there is no distinction between recoverable and non- *

recoverable human errors'. Only a few qualitative approaches I

deal with this subject (0:.vis, 1985; Worledge, 1985).e

Almost all human reliability analyses include the following I,

classification scheme which is clearly oriented towards "

quantification: Human actions are divided into errors of
',omission (an action has not been performed) and errors of '

commission-(a wrong action has been performed). The latter case 1

is much more difficult to evaluate as there are hundreds of- I
possibilities to think of. Therefore this' case often omitted.
H6rtner (1986b) states that the accident probabilities of DRS-B (
(German Risk Study - Phase B) and DPS (German Precursor Study)
include human error.

,

Birkhofer (1986) specifies the human errors which had actually
been taken account of: Most PRAs only include planned actions.
The unplanned actions may have positive or negative effects'on >

the plant status. Therefore, neglecting them entirely excludes
both positive and negative influences to the same extent, :-

according to Birkhofer. It should be noted that, for example in:
Browns Ferry in 1975,~ operators have prevented worse '

consequences by intelligent and innovative actions.

!

.$ A review of Licensee Event Reports of US nuclear power plants t

(Sabri, 1981) shows that out of 89 significant reported events,
58 % (52) involved operators, 36 4 (32) the maintenance crew.
out of.the 52 operator related events there were initiated -

11 by failure to act (omission)
.

11 by improper action (commission)
'

7 by failure to follow procedures (omission)
'

6 by inadvertent action (commission)
6 by incorrect or incomplete performance
5 by oversight
4 by misunderstanding
i by communication failure
1 by improper written informations

This result shows a relatively high percentage of errors of t

commission and of " complex" errors like misdiagnosis
(misunderstanding) or errors related to other levels than the
operator level (errors in procedures' writing).

1
.

8.3.2.2 Data base for the quantification of basic human
actions

! For a discussion of completeness and quality of human actions'
data see also appendix 5A.

Several authors in the nuclear community criticize the lack of
sufficient and reliable data even for basic human actions. So
Pope (1986) states
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* "There has been 3 cw tyste,matic collection of human

data. ... It folbwe~tn:t there is no comprehensive body ,

of validated data." !
>

Also Hannaman (1985a) has found that

"the review of data sources indicates that there is no.
entirely satisfactory single source of data."

Ryan (1985a) reviewed HRA data from 19 PRAs. It was found that
less than 1 % of the data requirements for a PRA were fulfilled '

by all current PRA studies. Only 10 % of the data sets
collected were complete in containing information about

* personnel involved '

* actions involved
* performance shaping factors (PSF)
* situation
* systems involved.

Statistics (table 8.2) show a considerable concentration of PRA
work on operator analysis, whereas supervisory staff is only
included in about 1 % of these cases. Searing in mind the
importance of the other fislds of human action (see 8.3.1.1), i

this constitutes a considerable weakness. Similarly, accident
situations (table 8.3), personnel actions (table 8.4), nuclear

7

power plant systems (table 8.5) and PSF's were documented..
" neither completely nor to an acceptably detailed level.

For these reasons, researchers try to overcome this situation i

| by the use of one or more of the following three asthods:
l-
1 - real event analysis,
!= - simulator data,

- expert estimations.

Pope (1986) gives a rule of thumb for basic human actions
quantification (table 8.6).

8.3.2.2.1 Real event analysis

|- suffers from data sparseness, because the important events
| like the Three Mile Island or Chernobyl accidents are not

as frequent as a statistician would desire for this|

purpose. Consequently, there is no statistical base for'

.

most of the real event data at present.

| Although it is stressed by utility representatives that
human contributions can be positive, we must conclude from
reports on real accidents and incidents that humans are
far more often degrading safety either voluntarily or by

i mistake.
I
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1 simulator data8.3.2.2.2 . ,

* t

k
are more and more used to quantify simple and complicated i
human actions (see Joksimovich (1987) for a verification |' *

effort of the HCR approach by simulator). The major, l

fundamental drawbacks of this approach ~are that' i

:

* operators implicitly know that'there is no real danger -. |

therefore, they act differently than'they probably would
in reality,
* only incidents can be simulated which have been selected

,

;

and' designed beforehand by the testing team - no other
cases can be analysed, ,

*:the simulator only shows reactor responses that are'well'
understood and'have been modelled - physical processes 2

that are not yet. understood or misinterpreted cannot be
correctly included,- ;

* computer programs for the simulator might be incorrect,* because of limitations in the range of situations .,

.;covered by simulator data, recourt to expert opinion must
be made in the areas of stress, in.ormation interface, andi- 'ttraining'(Nannaman, 1985a).

i

"No series of simulator experiments can obtain data under iall combinations of even a limited number of key
performance shaping factors"-(Worledge, 1985).

+.

n p Regarding the stress factor, this last point has been
demonstrated for both nuclear (Chernobyl) and non-nuclear
(Vincennes, see 8.3.3.2.1.1.2) applications.

.

Additionally, Hardman (1988) pinpoints simulators as not
being consistent with the nuclear power plants they are

,!intended to simulates
u

"Some plants were years from completion when their
simulators were designed, and others have undergone :continued enhancement and-equipment replacement for
reasons of safety and operational efficiency. Control

,

rooms have grown in complexity as more data and aids are ,

made available to the operator due to advances in
-

nicrocomputers and graphics." .

4

8.3.2.2.3 Expert estinations ;

A relatively large number of subjective estimation '

techniques has been developed to assess human error. At e'

least nine of them have been used in the nuclear field,
all of them (Pope, 1986) '

| * being complex"

l' * giving unvalidated results
| * having a variable applicability and suitability

* are not always easy to use ".

'

concerning expert estination methodology, Mosleh (1987)
criticizes that

!
u.

108

||
. .- . - . - _ . . _ . _ _ _ _ _ _ _ ______ _ _ _ _ _ _____ _ _____ _- ..



. . . . . _ .- ---. . . _ - - - - - - - - - -- -

',
, j

'

.

*
* many applications elicit judgmental estimates without"

'' following any formal or documented approach, i,

| * multiple experts are commonly used. However, some )
applications rely on traditional group meetings, with !
informal procedures for aggregating conflicting opinions |

i 'instead of more formal mathematical procedures, l

* decomposition (of tasks) is widely used. However, the
q form of the decomposition is sometimes akvard or not
l' i

meaningful. "

This leads to
- underestimation of failure rates (because of group y

processes) and 1

- overconfidence in results_(i.e. underestination of'
uncertainties).

| Consequently, group meetings usually do not yield goc.s
quality results, and the interdependence between expert

,;
estimations is quite high.

,
,

'
Although useful for qualitative assessments, expert
opinion sampling must be seen as a rough and rather >

subjective quantification method. The attempt to.obtain
objective expert opinions by group meetings is . t
questionable as human interaction tends to underestimate
failure rates and uncertainty bounds. ,

L
8.3.2.2.3.1 The " Handbook" of Swain and Guttmann (Swain, )983)

Thie work constitutes a major effort in this field. Based
'

mi the quantification of human actions as performed for
'

other-industries, it attempts, extrapolation to similar
actions in_the nuclear sector. The validity of these
probabilistic data is limited to situations where (Bell,

i 1981a): ,

"- the operator's stress level is optimal,

'' ha personnel are qualified and experienced, "
- ...

Concerning the second, point, we refer to chapter
8.3.1.1.7. For the first condition, the authors remark:

"Most of the estimated HEP's (Human Error Probabilities) -

in the Handbook apply to routine human actions. The method
for estimating the probability of human error under
stressful situations is highly speculative. Therefore,
such estimations are characterized by wide uncertainty
bounds.a s

For their model, they assume

.. that all nuclear power plant personnel act in a manner"

they believe to be in the best interests of the plant. Any"

intentional deviation from standard operating procedures
is made because the employee believes his method of
operation to be safer, more economical, or more efficient
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' 'or because he believes performance'as stated in the - -'
'

procedure is unnecessary.a :'
,

The economic; aspect in particular can lead to serious ]

problems for the operating crews in an emergency. I

situation, the crew. sight have to decide on a compromise :

between safety rules and utility performance goals (see
8.3.1.3.2).

'

;

We must conclude that the common practice of using the '

HEP 8s from the " Handbook" as point estimates for high- )

stress situations like accident conditions,.where
knowledge based actions are playing their most important
role. (e.g. Lanore,1987), is not a scientifically correct ;

procedure.-This view is shared by (at least) one of the 7

handbook's authors.
!

8.3.2.3 Euman reliability undelling ]
Human performance models are a means of quantification for
actions beyond the basic level'. They have to rely on data
determined by the methods described amove.

.

F Furthermore, particularly complicated actions, like. dependent
i

actions or errors of commission, cannot be' quantified. some of,

ithe models have,further deticiencies.< 7, .
.p

| A precise definition of the requirements for a human ,

reliability model'was given by Hannaman (1985a) (table 8.7),
,

h emphasising that ,

I

| '. "it is generally recognized that the performance of humans
can be strongly affected by stress, control room

'

| instrumentation arrangement, etc. and any model of crew
,i

behavior should sooount for these effects.";

,

|

8.3,2.3.1- Then basic modeis '

In this section, some of the conceptual models and
quantification approaches employed in human reliability
assessment are briofly~ described.

8.3.2.3.1.1- Performance Shaping Factors (PSF) ;

.

Performance shaping factors (PSF) include psychological and '

!'
environmental far: tors affecting human actions. reliability.
huong these PSFs are (Embrey, 1981):!-

- quality of procedures
- quality of personnel training; - time available for a task
- quality of the plant state information available to the
personnel'

- reversibility of actions
- quality of supervision
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' - motivation !

- presence ot' functionally isolated steps within the task
(which are more likely to be omitted).

This structure is providing a framework. The factors !themselves, however, often are not clearly defined. The crucial
and most difficult task is *, heir quantification. It'is obvious
that every quantification effort has to be somewhat subjective
because most of the features cannot be measured directly (e.g.. ,

motivation). Usually, a' ranking system has been applied, !consisting of " classes" ranging from 1 to 3, 1 to 5 or even 1
to 10. .In order to permit the use in detailed models, a range

{from l'to 10 is required according to Wakefield (1987),
"

.

8.3.2.3.1.2 THERp

The Technique for Human Error Rate Prediction (THERP) has been
developed by Swain (1963) and seems to be the most widely used ',
model-(Pope, 1986). THERP is an analytical technique which is
restricted to (Oko, 1983)

* amintenance actions and ?

'* limited actions of operators.(e.g. after incidents).

|

A fault tree technique is being used to describe the systen
,

p under study. Main problems are that THERP is based on
,

L ,,A subjective assessments at various levels in the model and that
'

'

independence of. actions is assumed (Knee, 1981). Furthermore, ;
important shortoonings are the omission of knowledge based ,

actions which, however, make up the most important category '

under severe accident conditions (Birkhofer, 1986).

8.3.2.3.1.3 The HCR model *

The Human Cognition Reliability model (HCR) provides the time-
dependent human non-response probability to a task. Key input (

L parameters are (Hannaman, 1985a)

- three types of cognitive behaviour: skill , rule, and
,

knowledge-based (see 8.3.2.1),
- the median response time.for a task (T,) (from simulator
data or expert estinations)
- performance shaping factors (see 8.3.2.3.1.1)

L

: The HCR model yields a curve representing the error probability
for a given action as a function of performance affecting time

,

influence (figure 8.3). Matheastically, the HCR can be
approximated by a 3-parameter Weibull distribution of the form

L (t/T*) - a
I, HCR = exp ( - )C
1 k

;. where a, b and c are derived from the PSPs and t is the time
available for execution of the task.'

i

|
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The value obtained is very sensitive to the factors influencing *

'

| operator response (PSPs), and is less sensitive to the
;

j assessment of median response time (Hannaman, 1985a).
"' The'same authors introduce their HCR'model as follows:

L '"It is the human reliability assumptions that can have'a '

dominant influence on the result of a PRA study. ... .

Fortunately, valuable insights of plant safety can be-
obtained even with rough approximations of human
reliability."

,

Wakefield (1987) observed that computed HCR values were
optimistic when applied to long time periods. He modified the
HCR model in order to account for dependencies between
individual actions in the same sequence. As a key problem, he ;

mentions ;
.

"The analysis team had great difficulty estimating the
|- " median tins to responda, since the computed error rates

are so sensitive to this parameter, the uncertainty-in,
,

this parameter alone can lead to large uncertainties.in !

the final results." ,

s.3.2.3.1.4 The approach in the German Risk Study, Phase A
,,

s
i

While most of the data of the German Risk Study, Phase A
(DRS A, 1979) originate from NA85-1400,- a' limited number of <

them has been modeled according to a time-dependent operator '

fmilure probability. This probability, as introduced in thei ,

l German Risk Study, depends exclusively on two variables:

- the maximal admissible time te respond (t) and
- the mean operator response time (T').

This leads to a very simple, NCR-type formulas

|
P = exp (~t/T')

1

Psychological factors and factors which are specific to certain;;
procedures are thus neglected. This approach is completely out-

'

of-date.
?

8.3.2.3.1.5 SLIM-MAUD
,

l' The SLIM-MAUD model (Embrey,1985) is designed to quantify
error probabilities of proceduralized and cognitive tasks. It

'

relies on task decomposition and PSPs. -

The model requires a description of the event to be analysed,
including a decomposition into operator tasks and' subtasks.
Subsequently, the PSFs are quantified, using using a scale from
1 to 9, followed by a weighting procedure for each PSF.
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h4- The result, for each task, is a value called success Likelihood
'

I Index (SLI). From the SLI, HEPs can be derived by a simple
' - farmula. Variation of ditferent PSFs can help in identifying

measures to be taken to upgrade operator performance.-SLIM-MAUD
at present is the most psychology-based approach to human error

imodellingf n nuclear power plants.

p

8.3.2.3.1.6 SHARP4

The Systematic Human Application Reliability Procedure (SHARP)
is a framework for incorporating human interactions into PRA
studies (Hannaman, 1985b). It consists of 7 steps, where

- the first three (definition, screening, breakdown =
identification of actions, selection of important actions,
task decomposition) are defining and describing the key !i

human interactions.

" '
- steps 4 and 5 (representation,- impact assessment) are

.

i incorporating the human actions into the system models. !
1,

| - step 6 (quantification) selects the approach for human
g reliability quantification.

~
'

- step 7 (documentation) is intended to provide a star y1
documentation framework for PRA purposes.

,,

ss .

IThus, SHARP provides a common structure and a documentat 4

scheme for different human reliability quantification rs e a
used in PRAs.

8.3.2.3.1.7. The Worledge model |

!Worledge (1985) proposes a framework which is based on five '

fields of_ action (figure 8.4):
i

* diagnosis
'

i* procedure selection
i * expectation of plant reaction !

[
* perception of plant response j
* avoidance of slips

The key concept is the operator's " mental image" of the plantu
|- status. If the real state deviates >from this image, the i

operator will react. No reaction will occur, however, if the
,

| deviation is not recognized. Thus, the model takes into accounc
! diagnosis and decision processes of the operators.

iThis approach is much more complete than other models, without
directly leading to error quantification, however. Hannaman
(1986) states that this approach expands the range of
applications for the NCR model, if the two models are linked.

: Analyses of accidents showed that the Worledge model cannot be
I employed to deal with errors due to equipment malfunction or

operation. Also, the area of long term actions is not
adequately covered.

s
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8.3.3.4- Incorporation into a PRA scheme
1

Coupling of PRA techniques and preliminary result 9'et HRA has
been attempted by some researchers. However, a consistent
assessment technique is not in sight. Many questions t.till
remain open, particularly in the fields of dependency
quantification and ergonomic aspects of man-machine
interaction.

Hall (1985) esphasises the need for a better documention of PRA j

studies as j
'

"the poor and incomplete way in which they are reported
would require major reanalysis prior to their use.."

Wakefield (1987) reported an application of his acdified HCR
1

model in a full-scope PRA, but he also found disadvantages of
.the BCR model (see 8.3.2.3.1.3).

,

Beveridge (1985) proposes that operator actions should be
directly included in the PRA event. tree.

on the other hand, Potash (1981) identified several major
problems

,
,

,

| D "that inhibit any effort to handle operator error in
PRA's. ...

- (lack of) identification of important operator errors,
- absence of validated models and/or techniques for
estimating operator error during a transient,
- lack of data relating to operator error during events,
- insufficiently developed methods for dealing with

'

'dependencies between operator errors in fault trees."

Although this statement has been formulated eight years ago, it
still has to be regarded as valid. j

!
,

L 8.3.2.5 Critical review of quantification efforts

l Due to the limitations of event modelling and an insufficient
data base for rare events, HRA quantification efforts must be
regarded with extreme caution.

Especially psychological factors (PSF's), which provoke actions
outside the usual framework of behaviour, are very difficult to
assess or to model. Researchers often simply omit them froma
their analyses. The importance of, for instance, a reliable
stress assessment for quantification efforts, however, is
frequently emphasised.

!' Bell (1981b) describes a HRA performed by Sandia National
Laboratories. Although focusing on test / maintenance and
accident response scenarios, the selection of human actions is
limited

L
1
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l
"to those components expected to be. manipulated during the l

test or maintenance action (or cecident response action) !..

L itself." |
'

Thus,. unexpected actions which can cause unforeseen. problems 1
are left aside. The accident response identification 1

!

L " assumes that the operator is attempting to follow the
proper procedure in responding.to each accident sequence. ]This assumes a proper diagnosis of the situation." i

[ It is questionable whether an operator in a high-stress
situation will be able to analyse any accident sequence
correctly, particularly:if there are physical phenomena which
scientifically are not yet fully understood.

i

'' The authors use the " Handbook" (see 8.3.2.2.3.1) as data base, ;

m which provides human error probability (MEP) data taken mostly '

from the non-nuclear industry and which cannot to used for -|
''

analysis of high-stress situations.
I '

By other authors, the importance of correct identification and
quantification of dependencies is mentioned (samanta, 1985) and '

"ranked as equally important as a correct estimation of
independent probabilities (Potash, 1981).

M- However, most of'the reported HRA models have not included the
crucial point of errors in operator diagnosis and decision-
making. An internal review of HRA anthods.by the UKAEA (Pope,
1986)-

"came,to the conclusions ... that on the basis of t

- identification and analysis of significant human actions
- quantification of human error probabilities
no method is entirely satisfactory, and a clear need is
seen for ... (further substantial work)."'

In his conclusion of a review of several papers, Hall (1985)
criticises that

'

* currently qualitative results are more useful in"

decision making than the absolute numerical ones,...
t

* a PRA or NRA must be correctly documented ... "

Futhermore, he diagnoses a lack of communication between the
nuclear industry experts and human factors specialists. He
warns the industry of indiscriminate use of HRA techniques.

.

Ryan (1985a) stresses the need that
" documentation should include a complete explanation of
HRA/PRA methods, data sources, and results."

Pederson (1981) olso restricts the use of HRA data:
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" ... prediction (of quantitative errors)'is only practicalE s

when one is looking for comparisons and. indications of the Iorder of magnitude of the probabilities of human errors;

with respect to specific objectives (i.e. reliability,
)l

i

|: availability, safety) :
i ,

- for well-defined proceduralised task sequences familiar'

to the human,
- for well-defined work situations for which performance j

y
shaping factors (in particular error recovery features) )

L are known, and data can be collected."

Finally, Schurmann (1985) discusses some. reflections on how
t

H

human performance models are being judged by experts. His
conclusion is that the aesthetic and the intuitive aspect seen 1

Ito be auch more important than the correct and detailed ^

modelling. He pointedly remarks that, frequently, the human
being does not even seem to be necessary for human' performance J

!

models. Other models (SLIM-MAUD) are regarded as rather complex
for nuclear applications. The purpose of the model needs to be

,

very well-defined indeed; or in other words:

"If you do not know where you are going, one road is as
good as the other."

i\ [ 8.3-.2.6 Conclusions

After TMI, a number of efforts have been conducted to reduce.
human error: Advanced control room design, training of high
risk annoeuvres on full.scopo plant simulators, and upgrading
of procedures and; instructions, for example.

After chernobyl, it also becans obvious to the nuclear-

community that the assumption that operators always intend to
follow the safety guidelines need not necessarily be true. ,

All modelling offorts auffer from a number of severe
shortcomings in the fields of

'

* data quality
* data collection procedures
* uncertainties induced by human variability
* human dependencies

L.
* complexity of human actions
* quantification of errors of commission

)' * completeness of actions analysed
;

!c; Additionally, a systematic approach to the human error problem.

I

substantially lacks consistency in the areas of
1;

* classification of human actions
L * quantification of basic human actions
! * basic assumptions for modelling

* degree of completeness and techniques used for modelling
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l s.3.3 The -tribution of -utars to safety in MPPs

Presently., the contribution of computers to nuclear power plant-

safety (or hasards) has not yet been considered in PRA's. There
iare strong indications that the use of computers will spread in !the future. Thus, a comparison of human hasards is automation ihasards is called for,
l
,

s.3.3.1 'tbo use of computers. in nuclear power plants

Like other German NPPs, the Grohnde nuclear power plant is run j
fully automatic during normal operation. Only for start-up and i
shut-down procedures, human actions are necessary. Furthermore, .1the automatic reactor protection system overrules manual inputs I,

; in the case of conflicting' actions-(Grohnde, 1973).
The shut-down sequence has to be initiated by hand, and l

subsequently proceeds automatically.
'

l This reliance on automation has led to problems, for example,
! in the Neckarvestheim nuclear power plant: After the erroneous

opening of a steam valve, time consuming administrative .

measures had to be taken for reclosure (Guidt, 1979).

H6rtner (1986) states that a high degree of automation laplies ,

a-reduction of human error. However, chapter 8.3.3.2 will show *,,

that this applies only to traditional ~humas errors during'=

operation. Furthermore, new categories of human error are
introduced on the level of software development, as well as on
the level' of using specific software tools.

Hardware hasards can be relatively well quantified (Kersken,t.
,

' 1985), while it is still difficult to assess software error '

hazards. Before analyzing those hasards, the present situation
of computer use .in NPPs, as well as new developments, is
discussed. <

8.3.3.1.1 Present situation '

The areas of computer use in nuclear power plants are limited i

at present; they include

* possive instrumentation and control,
- local network technology for process control

(Aschenbrenner, 1988),
- microprocessor based reactor protection system at

Sisewell B (Pepper, 1989)
- alarms on CRTs in Loviisa (Rintill&, 1987), high

degree of automation
- CRT information, operator support system in Japan

(Itoh, 1988); not (yet) relying on AI
* process computers
* monitoring of fuel status (Williams, 1988) and plant
status (LaRosa, 1989) ,

* offline analysis (process models, GRS, 1987)
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The 08AR teams of the IAEA observed that in.the nuclear power '

plants visited "no important control function was assigned to a
process' computer and there were no plans to do so at any planta

L (NucEng, 1988b).

An OECD survey mentioned that only Canada considered using.
computers to replace operators on their HWR nuclear power
plants'(NucEng, 1988a).

8.3.3.1.2 Iggada

In order to

* take operational burden (routine work) off the operators
* give decision aids in accident situations.

* automatise maintenance actions
* provide operators with pre-analysed plant. status data ,

c (GRS, 1987)-
* improve simulator capabilities (Hardman, 1988) j

,

a number of. software packages are under development in several
countries. These software packages rely primarily on

* correct measureaants of the sensors
* correct-analysis tools and

$ * realistic simulation packages.

For the near future, they include,festures like
:

* computerised procedures (Ela, 1988; Reiersen, 1988)-
* alarm avalanche suppression (Ela, 1988; Reiersen, 1988; >

Nedderman, 1988)
; * operator decision aid systems-(Ela, 1988; Itoh, 1988)

At present, research is focused on artificial intelligence and
i expert system approaches (see 8.3.3.2.2).

8.3.3.2 Software hasards

There are at least 4 levels of possible errors related to
software use and development

* program layout (misunderstanding between computer and
nuclear experts)
* program development (logical errors)
* program coding (typing errors)
* program use (wrong or incomplete documentation)
* program modification
(The Atlantis space shuttle, for instance, always carries
a manual containing the errors of the software that have
been found but not corrected for fear of unforeseen
consequences in other parts of the software.).

: computer scientists generally agree that it is almost
impossible to produce error-free software. In particular, rars
events can lead to unforeseen reactions of the program (see'

:
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H, - * 8. 3. 3 . 2.1'.1. 3 ) . Thus, efforts tio reduce and quantify sof tware
!-

'

error risk have still not reached their goal (Kersken, 1985; I| Barnes, 1989),and it is questionable whether they ever will.
,, ,

I A considerable hasard including the whole error potential,

L , described above is brought about by a change of the mainL

computer system, as experienced on the Inviisa nuclear power )| plant (Rintill&, 1987). In this particular case, it was I

l' necessary to rewrite all of the software which formerly hadt

been. written in assembler language.

, 8.3.3.2.1 Examples of software related incidants
l' ,

L 8.3.3.2.1.1 Accidents related to computers outside nuclear
g industry

]
i

i

.J
8.3.3.2.1.1.1 UK weather forecast 1987 '

..j

; In October 1987, the British Meteorological Office failed to
issue a hurrican warning for South England. According to a I
Defense Ministry report, the scientists had overestimated the J

capabilities of their computer.model'which included an upper
limit for wind velocity (HAE, 1988). However, the real stora, I

,

killing 20 people on the morning of October 16th and '

devastating large areas, featured wind speeds up to 190 km/h, i

well above the maximum value allowed for in the model. This'

L
'

stora happened to be the most severe for the last 300 years.;;
;

i
L 8.3.3.2.1.1.2 Vincennes guided missile cruiser

1

In July 1988, the US warship "Vincennes" shot down a civilian
Iranian Airbus. The following investigation showed that the
computer linked to the air warning system had classified the
civil airplane as " hostile", though correctly displaying that i

it was in the ascent phase of the flight. Bad presentation of
_

data, together with automatic computer tracking of the plane
'

had led to this misinterpretation in a high-strests situation
(ACM, 1989b). ;

To better understand the situation of the cruiser crew, it must :
be noted that the vessel had been engaged in a battle with '

Iranian vessels and that another US warship, the " Stark", had
,

L been hit by a missile only a few days earlier.

The importance of the stress factor which led to the fatal
decision, has well been recognized by the Pentagon which stated
that people under great stress do not " function" in the same
manner as they do under laboratory conditions.

The connection between the psychological factors and the
computer software which is not designed adequately for these
situations, is illustrated by the tape that recorded the
chronology of the buttons which had been pushed (ACM, 1989a).

"Because of this record, we know that one officer, who was
prompted by the computer to " select weapon system" as the

!u
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countdown to the destruction of the Airbus began, hit the -

: . wrong button five times before ha'realised that he was
I

L
'

supposed to soslect a weapon..And we also know that
another member of the Vincennes' crew was so agitated that

p he got ahead of the firing' sequence and pushed another
p. button 23 times before it was an appropriate part of the
g procedure.

I' don't' recount these errors to pick on the crew. I
recount them because I believe that they must be

73~
considered the norm when inexperienced humans face a
sudden stressful encounter."

'

8.3.3.2.1.1.3 X-Ray machine

According to an article which appeared in ACM (1989d), a
radiation therapy machine, manufactured by Atomic Energy of.

.

Canada Ltd., has caused the death.of several people because of -

a computer program error.

"The radiation-therapy machine, a Therac 25. linear
L accelerator, was designed'to send a penetrating X-ray or !

L electron beam deep into a cancer patient's body to destroy.
[ am tumors without injuring skin tissue. But in three

separate-instances in 1985 and 1986, the machine failed.L p
Instead of delivering a safe level of radiation, the ;'~ *

!= Therac 25 administered a dose that'was more than 100 times i

larger than the typical' treatment dose. Two patients died .!
:

and a third was severely burned. ;
,

The malfunction was caused by an error in the computer
program controlling the machine. It.was a subtle error
that no one had picked up during the extensive testing the
machine had undergone. The error surfaced only when a j

technicien happened to use a specific, unusual combination ;

of keystrokes to instruct the machine. ...

The Therac 25 delivers two forms of radiations either a
high-energy electron beam or, when a metal target
intercepts the electron beam, a lower-energy X-ray beam.
It turns out that when a nimble, experienced technician
punches in a particular sequence of commands faster than
the programmers had anticipated, the metal target fails to !

1

swing into place."

There are many more examples in the medical field where
computer controlled machines endangered people.

,

8.3 3.2.1.2 Computer related nuclear incidents

Although computer use is not yet widespread in the nuclear
industry, there have already been two incidents leading to
safety problems in nuclear power plants. in the future, it must
be expected that increasing use of systems like those described
in section 8.3.3.2.2 will lead to an increasing number of more
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l- serious problems. We briefly describe the two incidents which
u"- show two features that are alarming both problems concerned I* safety related plant systems, and the second one is common to a

number of. nuclear power plants of identical design.

'8.3.3.2.1.2.1 A software problem at the Darlington nuclear l
power plant (Canada) !

On January 19th, 1989 Nucleonics Week (*fucWeek, 1989b) reported
that the Atomic Energy Control Board of Canada (AECB) was i

delaying fuelling of the Darlington nuclear power plant because
of a " problem in the shutdown system software". This incident !
concerned a heavy water reactor (HWR), but analogous problems l
could also occur in LNRs. According to AECB director ,

Domaratski, this software

"... has been under discussion between (Ontario) Hydro and 1

the board (ABCB) for the last two years. Modifications are H
still being made based on both Hydro's recommendations and ' i

ours." 1

The four Darlington reactors, under construction since
1977, incorporate a new generation of computerised' control
for emergency shutdown. reorgency shutdown systems in the
Hydro reactors at Picke ung and Bruce are essentially
dependent on "hard-wired relay logic" to trigger them, he
said. The Darlington emergency shutdown systems are being

G to be activated "by logic that is largely software, that,

is primarily computer programmed"."
,

8.3.3.2.1.2.2 A software problem at'the Nogent nuclear power,, ,

| Plant (France) <

L NucWeek (1989a) reported the following
,

*

| .

" FRANCE NOGENT CONTROL SOFTWARE FOUND DEFECTIVE

Existence of a defect in the software controlling the
instrumentation and control (I&C) system of Electricit4 de
France's (EdF) Nogent-2 PWR was classified as a level 1"

problem by French safety authorities. The defect, .

discovered just before Christmas, led to the sending of |
erroneous asseages to the control room on such things as '

the parnasters for reactor control. A similar defect was
also found in the I&C systems of Flamanville-1 and -2 and
Paluel-3 and -4. All five units are in EdF's "P4" z'our-
loop PWR series.

The software did not have any direct safety consequences,
said the utility. However, safety authority Service
Central de Surdtd des Installations Nucidaires (SCSIN)
flagged the problem as needing special attention in the ,

context of EdF's quality assurance / control program. SCSIN,
is concerned that a watertight QA/QC program for checking
software modifications be in place to prevent such defects
from being introduced along with software upgrades or
changes dictated by operating experience feedback,
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utility spokesman said. In the meantine, EdF has taken i
'o .

asasures to make sure the defects at the five PWR units i
. are compensated for by control room staff until they are :',

corrected." ',

8.3.3.2.1.3 Hacker intrusion in nuclear research facilities 1
:

Hackers have been reported.to enter nuclear research facilities
in West Germany (KFA Milch, KfK Karlsruhe,- Mahn-Meitner-

,

Institut Berlin),'switserland'(CERN), the United States
. (Lawrence Livermore Labs) and elsewhere. Any responsable i
nuclear power plant designer should not permit access to the ;

vital electronic systems of the plant from outside. If there is !

a possibility to access the plant computer fros outside,
however, this might cause considerable safety problems which
.can hardly be evaluated quantitatively.

,

1

8.3.3.2.2 heart sys*- and Artificial -Inte111aanea

(, 8.3.3.2.2.1 What is Artificial Intelligence ?

Artificial Intelligence (AI) is a field of computer science
where it is attempted to model human problem solving ability.

.; This field has created a number of special sub-domains:

- pattern recognition
- robotics H,

- knowledge representation
,,,

- expert systems' - ,

'l- learning
i - and others j
1'

|
There have been a number of spectacular results which are of .

'considerable use in special applications: chess computers,
industry robots, rapid finger. print. analysis, etc. However,
there is no hint that the afinal gosla will ever be achieved:
The creation of a general-purpose " thinking machine .a

'

i

8.3.3.2.2.2 What is an Expert System ?;

E
Ii An expert system is a simplified approach to human reasoning.

Generally, reasoning is divided into two basic categoriest

- the knowledge base (simulating factual knowledge) c,nd
- the inference motor (simulating deduction capacities)

V The knowledge base itself consists of data base and rule base,
whereas the inference motor consists of the completa
description of rule'and data interaction and user interference
(figure 8.5). Typically, an expert system has to handle a
certain situation by applying logical rules and stored data I

(" experience") to provide further infornation or a solution to |
the given problem. !

..
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'J 8.3.3.2.2.3 Application of expert systems in a nuclear power
plant,

The benefits and limitations of expert systen use in nuclear'e
power plants are disen' sed by Westinghouse's W.C. Elm (1988):

"In situations during which man may be prone to error - !
such as when lerge amounts of data are received in a short
time, when apparently contradictory data are presented
simultaneously, or when aan fixates on a hypothesis and
ignores or misinterprets data to the contrary - a
machine's effective support of man's problem-solving
skills can.be a valuable tool in the process of decision-
making."

However, any automated interpretation of data leading to a
recommended action, places the user into a dilemma 1

c "When advice is output from the system, the user must
L decide to accept or reject that advice. Acceptance of
| incorrect advice may endanger the plant, as may rejection
| of correct advice. In essence, the user must understand

the advice, and come to an independent determination of
its correctness.
Expert system designers respond to this issue as a
question of how the expert systen " explains" itself to the
user.".;

Considering the well-known tias constraints of operators in I

accidcat conditions, it is not very probable that lengthy
explanations will be of great value. Thus, the conclusion is
that

" systems which require " common senss or a " deepa
iunderstandinga of physical phenomena are not good

candidates for' expert systeam.
...-an expert system to diagnose precisely the failure (s) i
and correct response for all possible plant disturbances :

is not likely to be practical in the near term. The scope. I

of understanding required ... exceeds the current state of ,I
,

'

the art.*
'

!

L
To benefit from the rapid data processing capacities of a ;4

; computer,.an integrated expert system approach is neither 'j.,,

feasible nor useful. Although a partial substitution of the *
l v

operating crew may be possible (Nedderman,1988), it chould not -
be attempted to suppress valuable information about the plant :i
status. In order to support operators in stress situations, it

, may be helpful, however, to use " intelligent" systems for. low- g > .. ..i

level tasks like the transformation of data into information Mf.- F
"^

|= nesting the requirements of the user (e.g. alarm avalanche |
'

i, suppression).

Several institutions are presently developing decision aid
systems of a relatively high complexity. Sonoda (1987) presents
a system that is guiding the operator in fault conditions, an
expert system intended to collect operator and engineering
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'* ~ knowledge for automatically giving skilled advice under- - -

'? accident conditions. The US doe (Department of Energy) is also !
working in this direction. As there are still considerabie

,

deficits in understanding human decision making (Kennedy, 1986) '

';

and physical aspects in the field of degraded core ana3ysis ~l
(Birkhofer, 1988), operational decision aid systems at this
kind should be regarded with extreme care. )

: Artificial intelligence and expert system tools are certainly-
of a high value, but the area of application in nuclear power
plants has to be limited to fields where processes are fully r

understood and where it can be guaranteed that they do not !
create additional risks. Under accident conditions, this

L usually cannot be assumed. Unless there is a satisfactory ;

conservative solution for this problem, the application should
be restricted to off-line analyses, studies and non sensitive
areas.

|
.

8.3.3.2.3 Limitations of ca=autae & in nuelaar nower nianta

Nelson (1981) is proposing more intensive computer use in the !
area of decision making. His propositions range from merely.
passive decision aid systems in the form of an electronical
procedures guide to sophisticated learning tools which would

:

" detect subtle relationships which'a human operator would,

't never notice."
'

This could lead to safety problems because a sophisticated
learning system might draw the wrong conclusions from the ;

|.
complex physical nuclear power plant system.

*

The main limitations of real-time simulation of physical
t processes can be summarised as follows:
|

* mathematical models do not represent reality; they only
provide an approximation, .

i

L * it must be expected that there are unforeseen
" measurement results, due to defect sensors or to

unforeseen physical reactions,- .|

* only phenomena that have been understood can be
- simulated; the simulation remains incomplete,

_

* operators na place too much confidence in simulation
results relat ng to rare events.

|
|

A very useful application of expert system techniques may be an
|

|_
alarm avalanche suppression scheme which, however, should N
equipped with redundant control possibilities and a manue.1
backup.

The general tendency during a conference on Man-Machina
|' interface in the Nuclear Industry (Feb. 1988) was that'
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!' " ... four years or more will-be required before we can !~.

'tell what the role of AI (in the nuclear industry) will '

be. ,...
!

It would be too risky to let operators become over '

": dependent on such expert systems.s ...
-- i . ... changes should not be made because they are

technically possible."
!

There-is nothing we can add to these insights.

8.3.4 Au+= tion or h - centrol ?

There-is'en old, possibly Buddhist, saying which was recalled
in ACM (1989c): ,

,'

"There is a key that opens.the gate of heaven and it is
the same key that opens the gate of hell. The two gates
cannot be distinguished.from the outside and the only way- J
to tell which is which, is to open it.

obviously, it is very desirable to possess the key because,

it allows us to experience wunderful. things, but there is
also the risk of the contrary. This key is technology." 3

1Applied to the question of computer use in nuclear power
plants, it is true that this can lead to improved safety but it ,

;; also bears the < risk of including ne w dangers which cannot be
!

dealt with by the usual procedures.

In connection with the Norwegian nuclear power plant simulator
HANNLAB in Maiden, Reiersen (1988) discusses the automation of '

tasks that previously had been performed by the human operator. ':
His outlook into the future shows the dangers described in i

8.3 1.2 1
!

. "In the more advanced conceptual designs now proposed for i
b nuclear power plants, the operator is retained primarily

for his supervisory skills and diagnostic capabilities.
... However, a basic issue, which must be confronted
before such systems can be implemented with confidence, is t

whether they do indeed provide those benefits to plant
performance expected by their designers."

.

In a much more optimistic manner, the West German nuclear
(- industry magazine "Aton & Strom" mentions in its issue no. 6 of

(' 1987

... automation which is always working in the right"

direction ..."

and

... graphics terminals presenting several thousand"

individual information points in a clear manner ..." l

|
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If automation was as easy as this, the difficulties in expert I*

system and artificial' intelligence development would never have
occurred (see 4.4.2.2). All human errors could be avoided by
replacing the human operator by a computer program.
Unfortunately, reality does not support this viewpoint - human
error interferes in the production process of software and of

;

hardware', the.use of software, etc.*

b

A consequence of the high error probability for unfamiliar *

situations might be a higher level of automation of well- ?

understood sequences, (Pope, 1986).

"in essence reducing human involvement in the operational.

stage whilst increasing it at the maintenance-and testing '

stage",

a method that has lead to the so-called "30-minutes-rule".
According to this: rule,'all actions after the initiation of an

.accident are performed automatically for 30 minutes. Thus, the " ' ,
personnel has some time to discuss:possible actions to be taken
in case of unfamiliar situations, actions that might bo

,

,

; supported by simple decision aid systems if the situation is '

i; fully understood.

This "30-minutes-rule" is implemented in swedish nuclear power
plants (Anderson, 1986), leading to

b * advantages for handling design-basis events andi

| * disadvantages for unforeseen events (reliance on
i operator experience and decisions being unavoidable in
L these cases). '

Practice in West German. nuclear power plants is similar. ;

L. However, recent developments in accident management permitting
| the operating crew more freedom of action (see section 14} may

jeopardise'what advantages the 30-minutes rule may have, at ;

least for design-basis events.

A trade-off between hasards of human actions and computer
i hasards has,to take into account that more automation brings
| about unknown new software problems. Additionally, there is one
| aspect increasina safety (the human operator has less tasks to
| fulfill) and one aspect decreasine safety (the human operator

,

i has to face more boredom, with all its consequences), j

|
o

,

| ?

1

l
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[ 9 . **wToa PD****faR VESSEL PAINEEE

(contribution by Dr. Ilse Tweer, Buxtehude);,,
.

c

p *

'

L 9.1 INTRODUCTION
1

| In probabilistic risk assessment, the quantification of the
| '. rate of catastrophic failure of the reactor pressure vessel

(RPV) requires extreme care. There are no back-up systems forthis com
damage..ponent RPV failure necessarily leads to severe core ,

'

\
| The determination of the failure probability of an LWR vessel
i from statistical data on operating commercial reactors has not
|~ been pertorised in PRAs so fart although no disruptive failures

were yet reported from Western pressure vessels, the ;

iaccumulated reactor vessel years do not yield a sufficient 'Istatistical basis. Failure rates. calculated from the actually
" observed * vessel years would amount to values higher than 2E-4
per vessel year.

.

Therefore, the estimation of RPV failure probabilities relies
|either on statistical data from conventional (i.e., non-

nuclear) vessels, or on theoretical approaches analyzing the .i|' structural integrity of reactor vessels. In spite of the '

methodological difficulties, all major PRA studies come to the
conclusion that the contribution of RPV failure to nus

powerpgtriskisnegligible(probabilitybelow10~glear
'

, or atmost 10 , per vessel year). ,

'
19.2 SUNIhRY OF MkIN PROBLEM

Attempts to validate PRA estimates for RPV failure rates have
to account for the severs uncertainties and oversimplifications
of transient and load profiles,

,

emergency and fault conditions; particularly in the case offor the material data baseuncertainties including material degradation due to
thermomechanical ageing and radiation embrittlement; for the
inspection and testing deficienciest and for the limited
knowledge on stable crack growth and crack arrest mechanisms.

Intuitively, this situation would forbid'any quantitative
prediction of the failure rate.

If quantification is attempted nevertheless, the conservative
approach aimed at highest safety would have to rely on the most

I conservative estimates.

In the context of eartrapolating RPV failure rates from
I conventional vessel failure data, a conservative approach would

have to consider disruptive and potentially disruptive
failures. Marshall (1982, p. 103) estimates the probability of
potentially divessels at lo-gruptive failure occuring in non-nuclear class 1o

'

to 10-4 per vessel year. The discussion in
9.3.1.2 illustrates that no convincing reasons can establish an
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. additional safety margin for a nuclear vessel, compared to non- .

'

# nuclear vessels.'

'..
i

Theoretical fracture mechanics calculations of the potential |
failure rate (9.3.2.1-2)'have:shown an extreme sensitivity to {

1

variations in the essential assumptions which are beset with
Ihigh uncertainties - the resulting failure rates differ by j

several< orders of magnitude. The. largest contribution to the
failure rata wilamountingto107gresult'frompressurizedshockevents,to 10~ per vessel year.

I

Keeping in mind that a considerable number of older RPVs (which
i could not meet today's licensing requirements!) already has I
I reached an operating time' longer than the mean lifetime of

iL conventional vessels'(Boesebeck, 1975),.a responsible analysis i

'

must insist.on using pessimistic limits as the basis for safety |

decisions. i

Thus, a failure rate below about 10-5 per vessel year cannot be 9
'

accepted as conservative evaluation of the knowledge on the !

structural integrity of RPVs. ;In spite of claims to the
contrary found in most PRAs, pressure vessel failure therefore i

has to be regarded as a relevant contributor to risk and the
!

danger of RPV failure with fragmentation as possible cause for,

? containment failure cannot be neglected.
,

l- 6 9.3 - - - ' ' "
,

*

9.3.1 BPV Failura Rata Estimation from Mon-nucipag-
Vescal. Data

| 9.3.1.1 Failure Rate of Non-nuclear Vessels

US, UK and German studies on conventional vessel failure
distinguish the following categories:

.

(a) disruptive failures rupture by failure of the shell, head,
nossles of bolting, accompanied by the rapid release of a large
volume of the pressurized fluid.

- (b) non-disruptive failures:
3

-- potentially disruptive failures: a. condition of crack growth
'

that could have led to disruptive failure if it had not been
repaired;
-- non-critical vessel failures local degradation of the
vessel boundary with or without leakage, not reaching critical
crack size or disruptive failure conditions (Marshall, 1982,
p.102; DRS A 3, 1980, p. 27).

Table 9.1 shows the results of several studies (Marshall,
1982).,

.

The German study group (RS 217, 1978) did rot include all the
registered failure events in the analysis. Only failures due to
defects from design, construction and fabrication werei'

selected, failures due to operational errors or non-specified
operational conditions were eliminated. On the other hand, the
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2s.|: statistical base of the vessel po
of design pressure, vessel size, pulation includes a wide rangeand vessel function (Oko,s

i b , 7 1983, p 89). Thus the reference value of'this data base seems
'

'

to be rather questionable with respect to the extrapolation to
nuclear vessels.

? Both selection criteria used in the German statistical failure
rate determination from non-nuclear vessels (regarding the
reference vossal population, and the failures which were taken
into account) show the tendency to reduce the resulting failureL ,

' ''

rate. This procedure obviously is not conservative.-
.

The UK" survey (Smith and Warwick) and the UK statistics
restricted to steam drums and steam receivers (better,

similarity.to RPVs) yield higher failure rates than the German
study.-

It has to be noted that the distinction between disruptive and
non-disruptive failures,is questionable. Potentially disruptive
failures would necessitate a major repair or replacement of the

'
'

vessel which is not possible in case of nuclear vessels. Thus,

potentially disruptive failures should be counted to the,

| disruptive failures rather than to the non-disruptive failures.

From the' number of vessels and vessel service years, a mean
" vessel lifetime.can be determined (last column in table 9.1).

|- - For all studies quoted', this mean lifetime-is s 20 years. The
;; projected lifetime of a nuclear vessel, however,.is 40 years.

Thus, the temporal limit of the statistical pressure vessel
data is not adequate for extrapolations to RPVs.

Fundamental doubts on the significance of the procedures used
were expressed by Marshall (1982,.p. 103): "The Study Group
believes that there is no satisfactory way of interpreting the
data on potential failure rates for conventional vessels to
give a useful estimate of the possible catastrophic'failurs
rate of LNR vessels".

9.3.1.2 Rrtrapolations from Failure Rates of Conventional
Vessels to Failure Rates of RPVs

Based on conventional pressure vessel failure rates, the FRA
estimates for RPV failure rates due to vessel rupture for PWRs
are as follows:

Surry (NASH-1400, 1975, p. 63) 10-7 per vessel year
Biblis B (DRS A 3, 1980, p. 33) 10-7 per vessel year
Zion (ACSNI, 1982, p. 84) 10-7 per vessel year
Sisevell B (ACSNI, 1982, p. 33) $ 10-6 per vessel year
oconee 3 (NSAC, 1984) 1,1xio-6 per vessel year

(In Phase B of the German Risk Study, the estimate given in
Phase A was confirmed (DRS B, 1989).)

The reasons for assuming a lower failure rate for RPVs compared
to conventional vessels are the following (ACSNI, 1982, p. 33):

4
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- more detailed stress analysis for operational transients '

'? - higher specifications of materials,

better toughness of materialsc,

- stringent quality control
{-~aultiple independent and experimentally validated ultrasonic '

testing of welds
I

- repeated non-destructive testing in service !

- monitoring of.long-term behaviour of materials by I'

surveillance
of samples i

1

The German Risk Study (DRS A 3, 1980, p. 28/29) claims higher !quality standards which characterise the concept of
" fundamental safety"-(Basissicherheitt Ruomaul,.1978): !

- complete load assessment for all realistic operational ste.tes j
and emergency events, including low-frequency, extreme
transients ;

'

- complete stress analysis accounting for the loads mentioned 1- optimum construction
; - purity of the materials

' t
| - toughness of the-materials ,

- easy workability of the materials '
,

'

- control of the welding practice
- control of heat treatments '

- multiple independent ultrasonic tests of welds after heat,

'

treatment and hydrotest.

F - repeated non-destructive testing in service
I

- monitoring:long-tera behaviour of material by surveillance
programs-

ASNB Code or-similar national regulations (e.gulate'd by the
The construction.of any pressure vessel is re

g., the AD-
Regelwerk and Dampfkesse1verordnung in the F.R.G.). Nuclear
vessels differ from conventional vessels in' size,swall
thickness, the need for large attachments (cooling circuit
nossles) and nossle arrays (control rod insertion), higher- ,

thermal and pressure transiente, and the hasard of radiation :embrittlement.

The extreme requirements on vessel design could not be achieved
by the conventional Code regulations; more stringent
specifications for materials, stress analysis and fabrication
procedures, and in-service inspection had to be. formulated in
order to permit'these nuclear " monsters" to be built.

Keeping this in mind, it is not valid to claim that those
additional specifications, which take into account the special '

problems.of nuclear pressure vessels, can lead to a reduction
of the failure rate by two orders of magnitude. The authors of
ACSNI (1982, p. 34) remark that the mentioned " favorable
factors are offset by (1) a differant environment including the
effects of irradiation though the latter can be minimised by
suitable choice of materials, (ii) the fact that reactor vessel
walls are much thicker than walls of typical steam drums and
receivers, (iii) the expectation that transient stresses will
be more severe for RPVs and (iv) a restricted ability for
continuous observation in service. The balance between

1

l
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c.' favorable and~ adverse effects is impossible to quantify in the i1- absence of sufficient data." They conclude: "We believe, '

however,,that the balance will be favorable and we judge, ;

although we cannot prove ist, that the failure rate of the RPVs,
,

congidered in this study is likely to be less than.10' per reactor year." j

The PRA studies mentioned cover only PWR vessels. The. common
argumene that BWR vessels have to withstand a pressure of 70

- bar only,-compared to 150 bar of PWR vessels, implying a higher
safety margin, is not correct, since the wall thickness of BWR

-. vessels is reduced according to the-lower design pressure. on |
the other-hand, BWR vessels are usually larger and therefore |

made of rolled plates with longitudinal welds instead of forged I- rings. There is no doubt that such a construction represents
reduced structural integrity. >

:

9.3.1.2.1 Inad and stress Analysis |

Design pressures and temperature transients considered for an |
RPV have to cover the normal operating, test, incident, i
emergency and fault conditions, including common mode failures

'

and human error induced accidents (a faultless operation of the.
emergency core cooling system in case of IACA and a defect-free !
vessel are usually assumed). The stress-analysis calculated on |
this basis has to be consistent with the material properties.

1; The ASME Code section III requires'that no unacceptable plastic |
deformation should develop in any part of the vessel (when !

- subjected to theiload conditions assuand) which could lead to ',
ductile fracture; this has to include the case of repeated
cyclic loads (fatigue analysis).

The Codes distinguish three categories of stress levels:
- primary stresses bending and membrane stresses, not self-

.

limiting.
'

- secondary stresses self-limiting, can be relieved by
yielding, e.g., thermal stresses and bending stres.es at
structural discontinuities.

*

- peak stresses additive to the primary and secondary
stresses, arising from local discontinuities, stress

'

concentrations, etc.

Primary stresses are not allowed to exceed the design stress
level 8 ,. secondary stresses aust not exceed 38,.

regulations (ASME Code III)is limited according to U.S. codeThe design stress level s
to 1/3 of the tensile strength at.

room temperature (RT) or operating temperature and to 1/1.5 of
.

the yield strength at RT and operating temperature of the
' vessel steel. The German regulations (KTA-3201.2, 1984,

L 7.7.3.4.) prescribe a lower safety margin of 2,7 (instead of 3)
for the tensile strength at operating temperature.

|

|- It is evident that the safety factor of 3 for the tensile
; strength is an absolute necessity since secondary stresses are
| permitted up to 38 ,, and otherwise secondary stresses could
|
.
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4exceed the tensile strength of the material at structural Idiscontinuities (nossle attachments, etc.).

i ' !
'

The ASNB Code Section I and VIII for conventional vessels f
irequires no detailed stress analysis; the vessel thickness is
!

,

'

determined according to the design pressure. The limiting
|

strength or 1/I of the tensile strength at operatingprescribed by the Code is 1/1,6 of the yield
|stress level s

| :
;

temperature.
{

Nuclear vessels with an odeguate wall thicNness could not be |designed to meet the non+ nuclear code requirements for the
projected pressure range and the given low-alloy eteel tensile

! properties. Additional prescriptions for stress analysis, '

particularly for the important parts of the vessel where I,

t secondary stresses might peak up to 3 s , had to compensate for Ithe reduction of the safety factors for tensile strength and
iyield strength and the problems due to the complicated vessel dgeometry (nossles, flanges, upper and lower head welds, control
|rod and other instrument tube insertions, etc).

' i
tI some critical comments on selected points follow.
|

Ioad conditions and Transients
|

The set of operational transients during the projected reactor '
t vessel lifetias.as specified by the manufacturing company is
! $ intended to cover normal operation as well as emergency {
I situations. It must be doubted, however, that ALL possible I

,

situations of the complex system can be covered.
;

f

| "However, the design transients may not be fully representative |

of situations where the reactor is under manual control or !
i

undergoing commissioning or testing. In addition there have
:been instances of vessels being exposed to transients other !than the specified design transients. These include |

overpressurisation when the vessel is cooled and more recently,
|rapid cooling of the vessel, whilst still pressurised

| (' overcooling transients')* (Marshall, 1982, p. 62). i
..

| stress analysis i

i stress analysis calculations for complicated structures can
;only be performed introducing considerable simplifications.

This applies particularly to the nossle attachment regions, the
penetration arrays for control rod insertion and the welds ,

;
between the cylindrical shell and the upper and lower head. i

Welds are not treated as discontinuities. Welding-induced !residual stresses and possible embrittlement of the heat !

|~ affected sone-(RA2) are neglected as well as any kind of
idefects (cracks, crack-like flaws like slag inclusions, '

segregates, etc). '

r

In reality, even specified welding materials and procedures '

cannot prevent the formation of defects in the welding material ,

and the surrounding NA3. Another problem is the existence of '

aultiamial stress distributions that are not covered by the
;

i
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AsME Code regulations. This can result in an underestination of
vessel failure risk (stahlberg, 1977, p. 283). |

1

Finite element modelling is assuming increasing importance in I

the analysis of complex regjons of the vessel structure (flange |
region, possle attachment, etc). These calculations were found
to be very sensitive to the aesumptions made (i.e., to |

structural simplifications employed) and to the detailed load
{conditions (Marshall, 1982, p. 64).
;

The uncertair. ties in the theoretical treatment of collective )
It,ad assessment, stress analysis and defect state of the vessel j
would therefore require extended experimental investigations to I

establish a verification of the calculated stress profiles.

Experiences from German Reactor vessels

-- The German Nuclear Code KTA-Regelwerk was published from
1979 onwards. The vessels built before that time were supposed
to fulfill the ASNI Code Section III requirements. Actually,

,

the safety factor.of the limiting stress level s for tensile istrength was not 3, but only 2,7 for the RPYe in,stade, 1
Mehlhein-K&rlich and Wyh1 (TOV, 1975b, p. 1/18). Later, the ETA f

regulations explicitly permitted this lower safety margin.

~~ In the German Risk Study, Phase A, the authors claim that !
i RPVa. are constructed optimally to account for stress profiles. !

?. The minimisation of weld seams with the. aim of a more !

integrated construction has to be attempted to enhance j
structural integrity of the vessels. A reduction to 70 % for i

! BWR vessels and 25 % for PWR vessels compared to conventional |

| designs was expected (onodera, 1977). Keeping in mind that most !

of the RPVs in service will belong to the *oonventional i

| design", no credits can be taken for optinua construction. *

! -- For the AEG DWR vessel design which was also used by KWU for
the series '69 (Brunsbdttel, Philippsburg, zwente.W rf/ Austria,

| Krsanel, Chu) and '72 (Gun (reuningen B, C), the circumferential
weld between the cylindrica1 shell flange and the flat dish-'

type lower head ("Tellerbetan ) is a contested design feature.a

Secondary stresses.in the weld region reach the value of yield
strength at operating temperature (see fig. 9.1).

| The ETA-Regelwerk 3201.J (latest version from 1984) contains no
; specificat:,ons on this construction type (p. 62 merely atates:
L 7. 'Tellerb6 den" - in preparation). Ku8 maul admitted that this
j. is not an optimal design (Profil, 1978, p. 21).

-- Because of court resolutions, a wide range of fabrication
,

L details are known on the Krdanel (KKK) reactor vessel. The
' cylindrical shell is made of 7 rings with two longitudinal
; welds on each ring (longitudinal welds experience twice the
|

load of circumfc.r.ntial welds, fig. 9.2).

The specified values of tensile strength at RT as well as yield
l strength at RT and operating temperature were not reached for

1/4 thickness and mid-thickness positions in more than 70 % of
the plates for the vessel shell (deviations up to 15 %). One

133

{

1
. n,



__ ._ ._ .. . _ _ _ _ _ . . . _ _ _ _ _ _ _ _ _ _ _

l

plate did not have the specified thickness. The stress analysis
c was provided by XWU at a ties when the vessel was alaest

I
completed ( WV, 1975a).

9.3.1.2.2 PuritV of the Material j-

The ASME code permits a wide range of major alloying elements
for the commercial RFV steels SA-508 and SA-5335 (comparable
German steels: 22NiMoCr37 and 20MnNoNiSS). The vessel producers
usually define compositions more restrictively in order to get
improved neohanical properties.

I

Very late, considerations started whether restrictiorv of some i

minor impurities could help to avoid tem r embrittleEnt (P, I
As, sb, sn), to improve upper shelf to aos (sD, to limit I
carbide formation and to reduce neutron irradiatton |
embrittlement (cu) (Marshall, 1982, p. 13/14). ,]
Segregation effects during solidification cannot be avoided;,

the segregates change transformation characteristics, reduce
the fracture toughness and enhance the incidence of welding'

defoots.
,

| Impurity segregation in the plates for the RER vessel led to !
the problem of finding rather pure areas for the nomsle 1

attachments. It was necessary to change the projooted ring |< .

D sequence in order to ensure better weldability, but no <

completely segregation-free areas were found (T0V, 1974). !4

9.3.1.2.3 Markahility of the Staal

' teside the fact that welding defects in the weld metal and the
MAS cannot be avoided, the low-alloy steels have shown a high

! susceptiblity to soliditication cracking, reheat cracking and
Hydrogen-induced cracking (Marshall, 1982, p. 17). Rutaeul
observed a high susceptibility to stress relief craoking and,

i

relaxation embrittlement for the German RpV steel 21NiMocr37 ,a

(Rutanul, 1974). Based on these observations a research progran y
was started to investigate cracking in samples from German RPVs ,J
and steam generators and to study possible effects of

| relaxation embrittlement in the coarse grained NAE (SR 10,
1976). About 50 4-of the samples showed either solidification
or stress relief cracking, 30 4 showed both.

Uncertainties concerning possible interactions of fabrication-
induced cracks with residual stresses as well as the
uncertainty whether simulation experiments allow statements on
structural components enlarge the problem. While a complete
understanding of the controlling factors for hot u.nd reheat
cracking, particularly in the NAS, is still not possible, it
seems clear that a controlled heat input during welding to
prevent grain growth and a restriction of carbide-dispersion-
forming elements (V, gr, Nh) should be achieved. Impurity
segregations obviously also enhance the Hydrogen-induced
cracking (Marshall, 1982, p. 19).

i
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;

I A further welding problem to associated with the austenitic
cladding at the inside of the ferritic pressure vessel.
Marshall (1982, p. 21) reports under-clad cracking experience
in SA-508 after 1970. Under-clad cracking observations in
22NiMcCr37 were compiled by the Oko-Institut (Oko, 1983,
vol.II, p. 99).

!

Marked under-clad cracking was observed in 22NiMcCr37 and t

20MnNoNiS5 steam generators. Strong correlations with impurity ;

segregation were found (Cserjak, 1978). '

Recent investigations on under-clad cracking in SA-508 class 2 i

forgings and 22NiMoCr37 (in the as-clad condition and after !

stress relief treatment) have confirmed that " cavitation and
intergranular fissuring can occur in the presence or absence of .

intergranular particles (tapes, 1987). >

stress relief tempering was usually performed at 550' C until I
it was found that this is the temperature range of high 1

I
| cracking susceptibility of 22NiNcCr37 (Kutatul, 1976, p6 220).

Kuteaul admitted that stress relief treatment above 600 e j
cannot avoid cracking while the critical temperature range is :

j passed through. :

:

9.3 1.2.4 strie t Mality control ( Maldi ner. Meat Treat = ant)

Deside the unavoidable occurence of cracking due to weldin and !! U
heattreatments-(asdescribedin9.3.1.2.3),thequalityofthe 4

welds in pressure vessel steels depends on the skill and ;

i reliability of welders and on careful inspection procedures.

| From KKK vessel fabrication reports.it is known that the plates
i had been welded without the required prowelding inspection with ;

non-destructive ultrasonio (Us) testing (TOV, 1974, p. 2). Weld i,

defoots had been found in high quality class components for the !
'

Barsebeck 2 reactor pressure vessel during the pre-service test :
AFTER the final annufacturing control (slag inclusions and lack
of fusion in nossle/ vessel welds which had to be grotand). i,

studies on the control asthods during the manufacturing phase
have shown that these weld defects have a low detection :

probability (SKI-ASAR, 1985, p. 43).
,

French programs.were forced to use autcantic welding ,

procedurm , since " experience has shown that in case of welding ;

operations that are difficult to perform, because of the nature ,

fof the electrode, accessibility conditions and environmental
problems, there is a need to minimise as much as possible the
human fantar for it increases the risk of creating defects"
(suchalet, 1979). -

9.3.1.2.5 Tomhe- a of the Material
The strength of the materials must be sufficient to guarantee
structural integrity under loads up to design stress levels;
the ductility of the material must accomodate the strains. With
increasing temperature ferritic steels change from the low-

;
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'temperature brittle behaviour to high-temperatur suctility,
characterised by the so-called upper shelf toughness. The !

ductile-brittle transition temperature (DSTT) or nil-ductility-
transition temperature (Tum) can be determined by Pellini drop
weight tests or Charpy imp 54t tests.

l

The ASME Code specifles a minimum Charpy, impact energy value of j
68 Joule at temperatures above Tway + 33 . This specification 1

was adopted in the German RSK-Gu15411nes. All operational l

conditions of the RFV are restricted to the upper shelf range.

With respect to these-requirements, the main problem area is |
not the base metal but the weld regions. The upper shelf )
toughness of the weld natal can usually be matched quite well i

:| to the base metal properties # the critical area is the :

neighborjng RA8 (Dahl, 1986, p. 31.1). ]
Fracture Mechanics

..

The theoretical description of the fracture properties, I
particularly the calculation of critical defect sises and crack '

propagation behaviour, is performed by fracture mechanics. |
Pressure vessel steels can fail by brittle (non-ductile) !

fracture - the unstable crack propagation results in 1

spontaneous rupture. This behaviour can be described using '|
linear elastio fracture nochanios (LEFN), assuming relatively
small plastic sones around the crack tip. spontaneous fracture !.

,# vill ooour as soon as tho' stress. distribution around the crack j<

exceeds.acriticalvalue,thefracturetoughnessKgElsescanbe !
which is ;

a characteristic material property. Critical crack
calculated from asasured Ege values. ;

since most vessel conditions are supposed to be in the upper j
shelf regimet where LEFN is no more valid, the relevant crack

i

behaviour has to be deso.ibed by elasto-plastic theories.
Several methods (J-integral, crack-openang-disp 16 cement (cod).

IR6-method) were developed to analyse the critical crack
behaviour in case of extended plastic deformation with the i

| possibility of ductile failure. |
.

.

!Fracture neobanios calculations assume an isotropic material
and neglect alorostructural features-(grain boundaries, j
dislocations, precipitates, segregations, inclusions, voids ;

etc) and their interactions with the postulated crack, which !

itself has strictly detined geometric properties. This is' ,

certainly an oversimplification. In the ductile regime the i
crack will begin t4 grow at a certain stress intensity or |

or by the crack initiation i

deformation (characterised by Kr$astic (J-integral) theory.l
I

value J , as defined in elasto-p
iActually, in ductile regimes it is impossible to determine

is not precisely defined); then it isvalid Kre-values, and Ji
suppose 4 to rure into regions with higher toughness where it :

! will be stopped before reaching a critical size (the ;

corresponding stress intensity for crack arrest is KIa)* *

i

There are no standard methods for the determination of Ji and
,

j
,

KIa. The ASME Code recommends a reference fracture toughness
I

!

| curve (KIR vs. T) based on lower bound Kyc and Kg, values. Th
(
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validity of this procedure is still in doubt because of sasple*
" -

'

size effects.(Roos, 19 sob, p. 34; Kuenaul, 1986, p. 25.56) and
aise ingot and esction size effects (segregate distribution, |
grain site distribution) on toughness (Marshall, 1982, p. 29). |

The ductile-brittle transition temperature also soeng to depend
on sample thickness, i.e. the transition might occur at higher
temperatures in thicker sections. Dynamical or quasi-static
conditicen presumably also shift the DSTT to elevated
temper. as (Ruteaul, 1986, p. 25.4). Experimental
investis- ions have shown a saturation in the Ky and K
versus T curves above D87f corresponding to the 8pper ad$1r i

toughness-(Roos, 1986b, p. 34.7), while the ASME code reference {
Icurves do not include saturation at all. A further problem

arises from the fact that very different upper shelf toughness j
'

values were observed for plate materials and forgings
(Marshall, 1983, p. 83).

ASNB Code and RTA-Regelwerk also neglect possible toughness )

differences between base metal, weld natal and MAE. Variations 1
,

of additive composition can influence the weld metal todghness;
the NAS, however, remains critical. .

Investigations on the failure behaviour of wide plates with
welded joints using fracture nochanics calculations have shown |

both considerable underestination as weal as occasional i

overestination of the fallure loads compared to experimental
'

i
,4 results (Dahl, 1986, p. 31.15).

;

The unknown toughness properties of the MAR and the
uncertainties.concerning residual stress distributions in the
wold obviously do not allow reliable predictions of the j

fracture properties of wide plates. Such predictions are even j

more difficult for the complicated structures of real vessel ;

!components. Therefore the structural integrity of the vessel
!cannot be guaranteed by fracture neohanical simulations. It

depends decisively on the actual fabrication quality and the
i,reliability of fabrication and in-service testing.

"Whilst in general we are confident that welds could'be ;

comparable with base materials, quality control procedures will t
'

have to be specified carefully to avoid the use of lower
[toughness welde" (Marshall, 1983, p. 34). .

IElasto-plastic fracture mechanical calculations are performed
for reactor vessels in the UKr the German procedure is
restricted to LEFN simulations (ACSNI, 1942, p. 73).

i
iIn-service degradation of the toughness properties is expected

due to thermal ageing, strain ageing and neutron irradiation |
embrittlement. ,

Thermal Aneina caused by carbide precipitation and grain ;
:

boundary segregation effects, especially in the coarse-grained
NAE regions, can increase the ductile-brittle transition
temperature (DSTT). The authogs of the British study (ACSNI, j1982, p. 22) assume that a 30 -shift might occur.

!
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strain "i na and dynamic strain ageing as a result of plastin !
'

strain interactions with impurities in the material will -

predominantly take place in vessel parts with high stress !
i-levels or stress concentrations such as the inner nossle 'e

welds. A shift of the DSTT to elevated temperatures and a kreduction of the upper shelf toughness are the consequences.
!The Ag8NI authors estimate the possible DBTT shift to be10-20 .

Increasing amounts of strain and thermal ageing reduce the
fracture toughness successively (Stahlberg, 1977 p. 273).Strain ageing embrittlement is a very dangerous e,ffect since it
occurs in those parts that always experience higher loadsi
therefore failure could be initiated below the testing stress
level.

I

IThermal fatigue induced cracking was found at Barsebeck 1
1(1976) in the spargers for the distribution of feed water in '

the RPV (SKI-ASAR, 1985, p. 45). In Brunswick-1 cracks were
found that begin in the pump inlet nossle welds and propagatedthrough the weld material into the low-alloy steel of the jreactor vessel (NucWeek, 1989a, p.C). A similar problem was '

observed at Brunswick-2 in 1988.
)i

superposition of.the warm !

precluded crack extension)prostress effect (warm prostressdoes not necessarily yield a betteri

ductility (Marshall, 1982, p. 37). )
5

.

Strain ageing effects are strongly correlated with material !purity. Recent investigations have shown that inhomogeneities
|such as carbidos and inclusions in the wold astal are closely|

;related to cleavage initiation (Irvin, 1986, p. 19-3).
r

Neutran IrrmA ntion Effects in pressure vessel steels cause an
increase-of yhold strength ultimate tensile strength and !hardness,andreducedductility,characterisedbyashiftof

;the DDTT to elevated temperatures and a drop of the upper shelf ;onergy. The DDTT shitt increases with the neutron fluence. The ieffect is enhanced by increasing copper content. Other >

impurities such as Phosphorus, Arsenic, Antimony and Tin seen
!to promote the embrittlement. Recent aton-probe field ion

microscopic results from irradiated vessel steel welds indicate !

the existance of radiation-induced Cu-rich precipitates and :

Phosphorus-enriched No carbides and Phosphorus segregation at -

the grain boundaries (Miller, 1987). I

For design purposes, the trend curves of the U.S. Nuclear
p Regulatory commission Reg. Guide 1.99 Rev 1/1977 (NRC, 1977b) 4

describe the influence of the Cu content of the DSTT-shift
versus neutron fluence (fig. 9.3). The deteriorating effect of

-

!the copper content on the radiation resistance of vessel steels I

was not known when the first RPVs were fabricated. Latet on, *

Cu-content was restricted to levels below 0,10 4. Therefore
rediation induced embrittlement has to be suspected for all

!
| older pressure vessels, and particularly for PWR vessels
| because of the smaller water gap between vessel wall and core.
' Beltline welds suffer the highest neutron flux and therefore ,

*

are of main concern with respect to embrittlement. Early German
>
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1

PWR vessel welds are known to contain up to 0,28 4 Cu. As a,' result of the alarming observations of Cu enhanced radiation i

embrittlement, the projected end-of-life fluence was reduced by |
the use of dummy rods in the outer coi*wa***p**res(*6"> 2"7) ^

'|s cribed be thelimiting neutron fluence of 1E19 n/cm
RSK-Guiselines 1981, but the facts indicate that this limit :

1cannot be met by German PWR vessels.

Examples of Radiation Embrittlement in specific RPVs

--TheKKS(Stade)vesselhaspassedtheRSKfguencelimitat
Ithe end of 1986. A DDTT shift of more than 120 has to be

assuand from surveillance experiments, associated with a
significant drop of the upper shelf energy. Only few data exist
on radiation offacts in the HAS - the deterioration there might
be even worse than in the weld metal (00K, 1987).

The RsK-Guidelines restrict the operation of an RPV to
temperature- ressure ranges where the material propgrties are,

'

I in the ducti e regime (temperatures above DSTT + 33 , upper
shelf energy 68 J). It has to be suspected that those

j requirements are not fulfilled for the beltline weld at KKs. .!
i
!

|
-- Soviet VVER-440 pressure vessels: In the pressure vessels of |

the Soviet-built finnish power plants Loviisa 1 and 2, |
!

| embrittlement proceeded faster than expected due to a high Cu,

and y content, particularly in the weld. Older VVER-440 vessels {'

iwithradiation-gnducedembrittlementhaverecentlybeen |p' annealed at 430 C to recover the original toughness
|

properties: Novovoronash-3 (1987), Armenskaya (1988), j

|
Greifswald/GDR (1988) (NucWeek, 1989a, p. 5). These annealing
procedures might be of questionable success since recent
investigations have shown that "the sensitivity to re-
irradiation embrittlement is high compared to material that
received the same fluence but which has not been anealeda
(Hawthorne, 1988).
-- serious radiation-induced embrittlement was also reported
for Japanese RPVs (Anderson, 1986, p. J7).
-- Older US PWR vessels contain 1 0,15 wt% Cu. Cu-precipitation
dominated embrittlement is is assuand (Darlaston, 1986,
p.26.12).

9. 3.1.2.6 ::=#-tructive In-service Testina
Fracture neohanics methods assume n defect-free material forthe calculation of the critical size of a geometrically well-
defined crack. They neglect all possible interactione of this
singular crack with other possible microstructural features.
Considering the simplifications in stress and loading
assessasnt, the uncertainties of the material properties data
base, possible synergisms etc, the safety of an RPV cannot be
guaranteed by theoretical simulations.
The laak-before break criterion might be valid for certain
parts of the structure under special transient conditions but
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ecannot be relied upon with respect to vessel integrity. The !

*

essential contribution to the safety of an RPV will therefore .

come from continuous testing procedures during service. j
-

The ASMR Code (and KTA 3201.4) prescribes a pre-service cold I

hydrptapt (that should be repeated several times during the !service life) at 1,25 times the design pressure (KTA 1,3 times !the design pressure) at a temperature above DaTT to avoid
brittle fracture conditions. Marshall C1982, p. 77) does not i,

'

ibelieve that the hydrotest can " establish the absence of iunacceptable crack sises . He suspects "that it may cause some i
s

damage to lesser defects not large enough to cause failure". |According to Marshall it is also questionable that hot
!hydrotests " provide an assurance of vessel integrity".
!

nadiogramhv is a reliable tool for conventional weld quality
,

I

control, but it is not applicable for most parts of an RPV.
}

contrast sharpness and resolution are not sufficient due to the >

scattering in the thick wall. The size of defects in the
important depth direction cannot be moraured. 1

*

vinumi ina - tion with c=tical ma+h 4= is applied to the inner ;
:

vessel wall with the ela to discover surface cracks and i
environmental damage of the cladding surface. There is no other !I way to check the surface of the vessel for corrosive attacks.

;

stress corrosion and corrosion fatigue are severe problems for i

,

| the ferritic steel as soon as the austenitic cladding is |b. damaged. Stress corrosion cracking of the clad material could '

| occur in oxygenated water with chlorine contamination. f
Ruperiments at the inner nossle weld cladding have shown that !

,

' the ASMR III design curve (stress corrosion) is not * i

conservative for the cladding material used in oorman pressure !vessels (Jansky, 1985, p. 32.26).
!
>

Fatigue cracking of the clad can develop at the inner nozzle !
weld corner due to the high stress concentrations. The i
detection of clad cracking would be of foremost importance.
However, it is difficult to demonstrate the detectability of
surface defects by optical methods (SKI-AsAR, 1985, p. 49). f

P

A major problem of visual inspection during service is the '

impossibility of socess to many problem areas (the vessel
!bottom with control rod insertion nossles in BWRs, coolant i

nossle welds, etc) and the radiation hasards for the personnel.
[
.Ultra m ie == --tructive tastina mae 4= will therefore [constitute the central part of testing procedures. In order to
;achieve an effective assessment, a complete overall examination t

of the vessel before installation ("Nu11 atlas") and
periodically repeated testing procedures would be desirable. In |

,

reality, the complete pre-service testing is described in KTA '

3204.4, leaving open the possibility to reduce the amount of
.testing in the base metal and relying on similar fabrication !testing. only the possibility of testing has to be guaranteed.
|In-service testing covers only welds. Several critical parts of

the vessel are even not accessible for ultrasonic testing
(botton nossle areas in SWRs, parts of the nossle welds).
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qI Ultrasonic testing during fabrication and pre-service
inspection used to be performed manually with contact probes.a

In-servios testing requires remotely operated equipment to 1
'

reduce radiation exposure to the operator. Automatic techniquesare obtaining increasing importance.

Ultrasonic examination from the inside and the outside of thevessel would be desirable, but is commonly not performed.
Manual examinations allow the operator to notice clusters of i

,

small defects with sises below the specified critical value, !which nevertheless can be critical if they are very close
together. Automatic systems with the threshold registration
level adjusted to the specified critical value cannot detect '

such defect agglomerations.
'

PISC (plate inspection steering committee) I progran results !
have shown " considerably worse effect1Yoness in detecting and Isentencing sets of defects compared with single defects of -

similar overall sise" (Marshall, 1982, p. 86). Marshall I

estimates the effectiveness of ultrasonic testing to 50 4
|

i

probability of detecting a defect sise of 6 an and 95 4
!probability of detecting a defect size of 25 an. j
!

Ultrasonic in-service testing does not permit an assured !localisation of cracks, and asasurement of their sise, i

extension, depth position and configuration. The transformation
.

of registered signals into a defect topography is not possible !,,

(stahlberg, 1977, p. 276).w

Details of existing defects in the vessel that would be frequired for fracture mechanical failure assessment cannot be 1

derived with sufficient occuracy from ultrasonic testing I
results. This did not change with improved asasuring :
techniques Nundry (1982, p. 112) reports'that t.he nature, the >

actual size and the orientation of the detected defects cannot i
be determined from ultrasonic asesurements. Practical I

experience with ultrasonic testing for the quality control of i

steel pressure vessels has shown that in spite of correct ,

testing performance according to the Code regulations, the .

quality requirements were not always met (Worden, 1983, p. |179). ;

;

Marshall (1982, p. 94) reports that "some theoretical studies [have highlighted limitations of present inspection procedures, !

a general conclusion being that current threshold recording
levels should be reduced considerably to ensure reliable :
detection of planar defsets".1

'
Further problems for the ultrasonic detection of near-surface '

defects arise form the presence of the austenitic cladding; the !
influencing factors are still not understood.

Due to these problems there is no reliable possibility to
,

ensure complete adhesion of the cladding to the ferritic steel
of the vessel body. Adhesion deficiencies can facilitate i
fatigue cracking, particularly in areas exposed to stress ;

,

'
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concentrations, with the subsequent danger of stress corrosion
of the underlying territic material.

|

Technical problems of the ultrasonic testing originate froa |
ultrasound coupling difficulties for contact probes and '

scanning difficulties in case of supplementary automation,
I including calibration and comparability problems.

9.3.1.2.7 % =-term m itorina hv surveillanea proar -

ASMB Code (and RTA) regulations demand in-service irradiation !
of steel samples in positione between the core and the vessel |

wall so that the elevated neutron fluence at the sampling
position will simulate vessel conditions in the future (due to

'- the higher neutron fluence density at the irradiation point)
( AS198 8 145, RTA 3203 ) .

The long-tors monitoring is based on the orporinental analysis |

| of these samples according to a specified temporal schedule, '

|
simulating the lifetime of ths vessel. Charyy impact tests and j
fracture mechanical evaluations are to provide predictions of ,

;
the future irradiation affected toughness properties of the !
vessel, steel. The data on DSTT-shift and the fracture toughness !

for ditfarent neutron fluences are sup jreterence curve R ourves for the linear elastic regime. posedto verify the tr

$ Resulte on the Charpy upper shelf energy will be used to assess !I

the hasards of ductile failure for future irradiation j
conditions of the vessel. ;

! Several limitations, however, should be kept in mind !
i

-- Tt:e irradiation of the surveillance samples occurs without |applying stress; whereas the vessel material experiences the t

irradiation under different load conditions (with spatial and i

temporal variation).
,

-- The thermomechanical history of the surveillance samples i
will certainly differ from the rsal vessel material, !

,
particularly in the welds. !

|

|
-- The neutron fluence density at the surveillance samples is !
considerably higher than at the vessel surface. Flux density
effects with interfering temperature effecte on radiction-
induced defecte could result in significant differences between
the samples and the real state of the exposed vessel. ,

-- Surveillance samples need to be rather small, which is i

limiting the extrapolation of the fracture mecnanical :

evaluation to the vessel properties. The crack initiation and i

the crack resistance curve depend on specimen size and
geoastry. ;

|Recent experimental studies on the validity of the surveillance '

programs were performed by the MPA Stuttgart using trepans from
the RPV of the shut-down Gundreamingen-A SWR (252 MWe,10 years ,

ofoperatiog),totalfluenceatthevesselwallabout2,4E14 n/cm . The results were compared with existing ,
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| surveillance samples and additional irradiated archive
material.'

It turned out that "on the basis of the chemical composition
(Cu and 7) and the calculated local fluence the material
behaviour cannet be predicted conservatively by the trend
curves of the Reg. Guide 1.99, neither with respect to the ;transition shift, nor the drop in the upper shelf" (Nuenaul,
1987).

The irradiation effects on the archive material (identical
chemical composition) exposed to the threefold neutron fluence !

were smaller than those in the vessel trepans. Strong
orientation effects were found.

These resulte indicate that the sensitivity to radiation- !

induced embrittlement increases with decreasing neutron flu ,

density and that orientational effects due to fabrication- i

induced anisotropy and/or due to applied stress distributions j
during irradiation exposure cannot be neglected. ;

.

"

| Recent Us investigations on As'nt-A302 B plates have confirmed |
the tendency of these results for high Cu content welds: "The.

inte 1 mediate fluence rate appears to be more damaging to the
'

weld than the high fluence rate" (Hawthorne, 1988). ;

If these' experimental resulta prove to be valid, the |,- surveillanos program would colla completely as a |
'

| c , because the real ittlement of the vessel would !
Ioc by far the simulation results from surveillance

monitoring. And there would be ao possibility to estimate the !

actual toughness properties of an in-service vessel due to the j
i lack of knowledge on the dose rate dependonoe of radiation- r'

induced embrittlement. |
i

9.3.1.2.8 RPV Failura vs. h nuelame V===^1 Failure - I
'

ConcluaigDR'

In 9.3.1.2.2 - 9.3.1.2.7, it was attempted to discuss the set i

of quality-improving iactors that are supposed to substantiate
~

;

the reduction of the assumed nuclear vessel fallure rate by a
factor of 100, compared to the conventional vessel failure ,

rate. 'Itso real manutacturing and inspection experience as well ;
'as recently published research results were taken into account.
:

-- Compared to high-quality conventional vessels, no extra y

'safety margin in the design of nucisar vessels can be assumed,
on the contrary: Additional stress analysis and fabrication ,

inspection appear to be necessary to compensate for the reduced
safety factors.

-- Idealisations and simplitications in stress analysis
'calculations and the uncertainties concerning the completeness

of design transient assumptions combined with the complicated
geometrical structure of a nuclear vessel and its extreme

:operational conditions cannot support a reduced fallure
probability.

,

*

143
,

_- - . , - -,-.--,_--_.e--,-m-._ r._,,,,,-,_-- ,u.m.n---yw-,%., .m.,,_,,,,.,----,,,w. #



.

I
!
>

!

|:
-- The majority of existing reactor vessels is far from the

|a*'tred integral vessel layout with reduced weld lengthee In i
; ioular, the German BWR vessels with longitudinal welds and |
a'.lat dish-type bottom cannot satisfy the claimed "optinua 1

design * quality. !
t

-- The purity of the material is not a convincing quality !
characteristic. The discussion as to which element should be i'

restricted to what level to improve toughness, radiation !resistance, weldability, corrosion resistance etc. continues. ;

, Nany of the existing vessels were built at a time when the i! influence of some alloying elements or impurities on specific i

!, properties were not yet known.
|

-- In practice unavoidable segregations as well as j
manufacturing 1nsufficiencieshaveraisedproblemsinmeeting |
the miniana purity specifications. In very few cases details /

are known concerning fabrication events virtually unacceptable !
defects were left unrepaired in order to avoid additional |,

| repair-induced deterioration of the component. |
.

t

-- The low-alloy steels (san 508, 22NoNocr37) are susceptible toi

solidification cracking, stress relief cracking, and Hydrogen- '

induced cracking. Significant underclad cracking was observed, i
;

-- only few factual reports are known about the " human factor" !4
,

i l' concerviing welding defects, heat treatment mistakes, etc. The r

known events involving manutacturing problems.and detection !
deficiencies show that optimum. quality cannot be guaranteed. :

+
,

-- Fracture nochanics concepts cactainly allow the- |
interpretation of an extended variety of observed material j

i behaviour. Nevertheless the fundamental stay 11tications, ;

. together with the limitations of the specimen-sise-dependent .

L experimental data base cannot yet yield reliable results on the ;

I' structural integrity of the vessel. j

-- stable growth of a postulated crack depends on the upper f
shelf energy, the existing constraints in the component: and
the course of the transient-(pressurised thermal shock is t

supposed to be the most severe transient). j
-- The upper shelf energy is a time i n t t material state, j|' degrading during operation due to ageing, strain ageing, ;

radiation embrittlement and possible interfering effects. ;|

-- Crack arrest curves for shallow cracks that could initiate !

brittle failure could not be demonstrated to constitute |
reliable predictions for the behaviour of samples. The i

situation in the real component is significantly more !
complicated involving ditferent material states due to
fabrication (welds, HAE) and operational degradation
(thermomechanical ageing, radiation effects) as well as various
stress profiles due to the geometrical features in the vessel, ,

'
and the postulated transient.

.

0

144 l

I
,

i.,_,... _ _ , . _ _ . . _ . _ . _ _ . . _ _ _ _ _ . _ _ _ _ _ _ . _ _ _ _ _ _ _ . _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ __ _



r i
!
.

*

-- Thermal ageing, strain ageing and radiation effects cause a fconsiderable shift of the DSTT to elevated temperatures and a (
drop of the upper shelf energy which can differ in different i

parts of the vessel (welds, MAE, inner nossle weld corners). j

-- Further degradation of the vessel integrity can originate |
from stress corrosion processes it clad defects-(i.e., fatigue ,

>

cracking in areas of high stress concentration) enable water |,

contact with the ferritic steel. Stress corrosion of the |
cladding material cannot be excluded either-

j

-- For the non-destructive testing methods, the required '

effectiveness in detecting critical defects with sufficient |
certainty could not be confirmed. !,

-- The approach of long-term monitoring of the RPV material
state based on surveillance programs must be regarded as,

entirely invalid if the recent results on enhanced radiation I'

embrittlement at low flux densities are verified. |
9

I
| In view of these problems concerning design, fabrication,
'

testing and operation, it is not appropriate to assume that the ;

structural integrity of reactor pressure vessels is better than '

thatofconventiona}vesselsbyafactorof100.Thereforea
-

,

fallure rate of 10~ per vessel year SADnet be derived fron

|
"better qualitys,

!..

|
?% The Oko-Institut (Oko, 1983, Vol.II, p. 121) concluded that

there are no evident reasons ustify the assumption i

ofanRPV~failurerategf10"ptcould
,

I per'vesse year as opposed to |
the failure rate of 10~ per vessel year for conventional |
Vessels. Thereforeg a failye rate for reactor pressure vesselsin the range of 10 g - 10~ per vessel year is assumed.

| 9.3.2 'thaaratical RFV Failure Probability calculatiana

| Marshall (1982, p. 104 ff) |

Marshall reviews the status of the failure rate calculations I

based on fracture neohanics simulations, simplifications and |

statistical uncertainties limit the validity of the procedurs. |

The problems. associated with the assumptions on crack sisc ;

distribution, material state and transient stresses can be l

summarised as follows (according to Marshall): )
!

-- The knowledge on crack distribution in the vessel is i

limitedt the crack height distribution is estimated fron ;

assumptions on the manutacturing process and detaction i

probabilities. I
1

-- The variability of crack shapes, orientation etc. is reduced |
to the assumption of a single crack type with specific shape
and orientation.

)
-- Fabrication-induced cracks are assumed to be proportional to
the volume of the welds - there are considerable uncertainties
concerning the size distribution.
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:
-- Theoretical assumptions on the probability of not detecting'
defects, or underestimating detected defects differ
significantly. trperimental studies (PISC) indicated an
insufficient effectiveness of the commonly used procedures.-

-- The basic laws and mechanisms of fatigue crack growth are2

still uncertain. The equation which is generally used "may not
apply over the whole range ,n

|-- Due to the lack of empirical information on frequency and ,

magnitude of transtents during normal operation and emergency I
conditions, the calculations have to rely on specified design I
transients. j

It is assumed that the magnitude of transient stress is more |
important than transient frequency. ]

|

The,calculgted failure rates in the reviewed analyses aavunt to j
10" - 10* per vessel year.

I Tne failure' probability is shown to be sensitive to the :nitial !

crack sise distribution, to the location of the crack in the !
vessel, to the accuracy of the transient stress intensity i

profile, and the crack growth rate. The nossle regions and the !
,

bottom head are supposed to be responsible for the largest t

'

contributions. :. . ,
i ;

Mareball W 'Perticular failure probabilities should !
not be taken too 'litarelly' at present beoense they are ;

sensitive to footors, which assala uncertain.'
|
i

Battelle calculations for the German Risk Study, Phase B (Geio, !
1985) ;

|
i

The fracture mechanical analysis of failure rates in case of a i

| thermal shock event assumes linear elastic behaviour of the i

material and cooling with rotational symmetry; the austenitic :L

cladding is neglected, no credits are taken for vara ;
prostressing.

t

The calculation of the fallure probability depends very ;

strongly on the crack else distribution and the fracture -

tougheses. The assumption concerning the crack size :
distribution is based on ultrasonic fabrication testing results 1

and estimates on the detection efficiency. The authors i

emphasise that the quantification of crack size distributions !
contains "the largest uncertainties *, ;

The simulation of radiation embrittlement is derived from a
coppercontentofg,13 - 0,08 wtt and an end-of-life neutron f

fluence of SE18/cm (which seems quite low for PWR vessels). !

Because of the lack of a systematic analysis of relevant t

transient stresses for German reactors, assumptions from US
studies were used together with parametric variations of t

temperature and pressure.
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*~ Depending on the postulated course of the transient, the;

calculated failure probabilities vary hv navarmi ordara of
,

naqatitu$a. Extreme transients can initiate instable crack f
growth for relatively small crack sizes. |

i

The amount of the temperature drop during a postulated !

transient appears to have the largest effect on the failure i

rate. Depending on the duration of the temperature drop (0 - i
1

100 min),condhtionalfailureragesof3E-6-2E-7 fora 100 i
0

drop, and 7E-4 to 25-5 for a 250 drop were found (fig. 9.4), ,

IThefigureillustratestheinfluenceofthediffereng
assumptions concerning crack distribution: For a 150 !

temperature drop, the predicted failure rates for pressurised !
thermal shock differ by four ordara of maanitude. ;

,

Severe thgraoshock transients with a temperature drop of at
least 250 (small 10CA) have a design frequency of 5 times
during reactor life (Marshall, 1982, table 4.1). The
contribution to the failure rate of the vessel due to
therapshook events would therefore amount to 2,55-6 - 9E-5 per
vessel year (using the RWU-crack distribution results: 3E-6 -

| 4E-4 per vessel year).

Both analyses show that theoretical failure probability
calculations are very sensitive to the assumptions on material
state and transient profile. These assumptions are..

characterised by extreme * uncertainties.''

9.4 RPT PAIIBRE WITE SUJSEWBFF CONTAIIEEENT DMEAGE

This section provides.the link between RPV fallure
considerations and level II of pRAs.

oanage,basedonanRpVfailurerateof10~pentcontainmentIn pRAs, the risk of RPV failure with subse
por vessel year,

is assumed to be not significant (WASN-1400, 1975, app. V-46).
The possibility of' pressure vessel rupture with fragment
missiles propelled towards the containment causing severe
damage is only discussed for steam amplosions.

A more recent U.S. study also comes to the conclusion that
containment failure will not ocour after RPV failure (Simonen,
1986). This study, however, considers only large, dray PWR

i containments consisting of a concrete hull with a steel liner.
|

The German Risk Study (DRS A FS 3, 1980, p. 34) does not
exclude the possibility of RPV rupture with expelled pieces but
it is assumed'that the ceiling plate and the crane will prevent
the pieces to reach the containment. Early containment failure
following RPV rupture is therefore excluded (for a large, dry
PWR steel containment).
The authors of the study performed by the 6ko-Institut (6ko,
pressure vessel at 10,gstimatg the failure rate for the reactor1983, Vol.II, p. 121)

- 10" per vessel year. They also show
possible trajectories for ejected fragments (fig. 9.5) that
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could penetrate the containannt. Accordingly, RPV failure with i
*

subsequent containment damage will contribute significantly to |risk.
i

The authors of ACsNI (1942, p. 47}6 laim that, based on their
assumption of a fmilure rate i 10 per vessel year, the t

aprobability of failure with fragmentation will be considerably !,

smaller provided u y r shelf consitions apply". They " feel that ithe estimate of 10 per reactor year assumed in the ZIoM
ianalysis may well be reasonables and they cenclude therefore !

"that the RPV failure with almost simultaneous containment ifailure may lead to a release comparable to that due to the V- iaccident (i.e., an extreasly high release), an |releasewillhaveafrequencyoflessthan10'ythatthispor year". j

For the planned nuclear power plant BASF-Nitte, which was to be,

built e.t tne site of a chemical plant, the German Reactor
safety commission (RAI-110,1977, p. I.172ff) demanded special !provisions against RPV rupture. This " rupture protection t

systema (perstechuts) was supposed to protect the containment i
and other relevant safety systems against pressure vessel !fragments. The main concern was obviously a vessel failure due !,

to longitudinal cracks, or break of the circumferential weld of i
'

the lower head. The RSK emphasised at that time that the '

"Serstechuts -requirement should not be seen as a conseguence j
a

of modified pRA estimates, but rather as an additional
protective asasure because-of the siting of the reactor within '' .

.e a chemical plant and in an area-with a high population density. !(The plans for BASF-Mitte were later abandoned.) ;
i

L The formation of missiles is not the only mechanism which can
|1ead to containment fsilure atter pressure vessel rupture. For ,

saali, pressure-suppression containments, it is likely that the I,

capacity of the pressure-suppression systen will be exceeded |
since coolant will escape from the primary circuit at a !

significantly higher rate in case'of a large rupture in the
pressure vessel than in case of the most severe design-basis |

. accident (double-ended break of a main' coolant pipe). such i' containannts will alsc be more vulnerable to missiles than ,

'large containasats. .

'

It is evident that probability estimates for containment
fallure due te RPV rupture are far more inaccurate than i

estiastes for RPV failure alone (whtoh.themselves are |
characterised by a considerable uncertainty). Ahother factor

i

contributing to the inaccuracy of quantitative estimates is the I4

'

uncertainty of the prediction of pressurisation pulse duration
and pulse height during extreme transients (Ju, 1983).

It must be concluded that early containment failure due to RPV '

fallure cannot be neglouted as a risk contributor. The
conditional probability of containment damage resulting from
RPV failure depends on the containment type. It must be assumed
to be close to unity for small designs like PWR ice condensor
or BWR containments. Large, dry PWR containments will have
better chances to remain undamaged. This holds especially for
concrete containments with steel liners.

i

i
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lo shaLr carrazuumer Partmas

i
10.1 INTRODUCTION |

|

The focus of Imvel II of a PRA is the traction of the'

radioactive inventory that is. released to the environment in
case of a severe core damage accident, the timing of that
release, the release height, and the accompanying thermal i

'energy (which affects plume rise). Together, these
characteristics constitute the accident " source tera", f

i

obviously the most serious consequences can be expected for j
accidents which involve early releases of radioactivity and I

high source terms. Those two aspects are closely linked, since I
the later the containment fails, the more time is available for

'

sedimentation and other processes in the containment which can ,

significantly reduce the source ters. However, there are
| processas (e.g., evolution of Iodine from pools of water which

boil when containment pressure falls) which can lead to
significalt releases even if the containment fails after many
hours.

I
within the framework of this study, it is not our aim to enter
a detailed 4tiscussion on the complex questions of assessing

? source terms for various release modes. Instead, the subsequent,

i

discussion concentrates on mechanisms w%ich can lead to early i
containment failure, and on the probles of estinating their ;

probabilities. i

i'
lWe recall that the IAEA Safety Targets require, in effect, a

conditional probability of early containment failure of less :

than 0,1 (see section 1), and that this target is assumed to be ,

| met by current reactor designs. |'

The most important mechanisms for early containment failure |
i

are ,

-- Failure of reactor pressure vessel (RPV) and subsequent
missile-induced containment destruction

-- Containment bypass via the steam generators or connecting
lines or through failure of containment isolation,

!
-- Nigh pressure asit ejection ;

-- Containment molt-through (particularly for older SWR
,|

designs) '

-- Nydrogen deflagration or detonation '

-- Stoan explosion i-- External events, for example containment penetration by
: airplane crash |

Failure of the RPV is also a very important issue in PRA !avel
I and is discussed in section 9. Only a short summary is given

'

,

here. Because of their special importance, and because they are
consistently treated in a too optimistic sant.or in PRAs, !

questions of Hydrogen deflagration or detonation and steam
; explosion are treated separately in sections 11 and 12.
; External events are discussed in section 13. The other failure ;

l - 150 .
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mechanisms mentioned above are usually included in PRAs -'

although with some omissions - and are discussed briefly in'

this section.

fmilure mechaIn a level II PRA analysis, the various potential containment
this purpose,nisms should be examined in a systematic way. For

containment event trees have been. developed. In i

to a complexity beyond that of previous PRAs, accounting forthe first draft of NUREG-1150, such event trees were developedthe following issues:

-- Conditions in the reactor coolant system and containmentprior to core melts
-- failure modes of the reactor coolant systent
-- potential for, and implications of, relevant phenomenaduring an accident sequences
-- survivability of containment systems (e.g., sprays) 1and i-- containment fallure modes.

I

NUREG-1150/2 has further refined this concept,
idea of an * accident progression event tree". That tree beginsintroducing the!L
with accident initiation and proceeds through containment i
failure. In this way
linked to other aspec,ts of an accident seguence. containment behaviour can be explicitly

j
:

I

If empirically derived probability distributions were available ;

i for each node of such an event tree, it would be possible to i
;

calculate a credible distribution for the probabilitiy of early
t

containment failure i
A superficial reading (absolute, or conditional upon core molt).of NURBG-1150/2 aight lead one to !

conclude that this type-of calculation can be done. However, I

the necessary data are not available, and NURBG-1150 !

upon " expert judgment * as to the various subsidiary p/2 relies ;

| robability !distributions. Hence, that report's findings as to the
probability of early containment fallure do not have a j,.

i scientific basis. ;
'

tL 10.2 501BERY OF MkIN PRDSIB M
i

Reactor Pressure Vessel Failure '

I i

Failure of the. reactor pressure vessel can lead to early,

containment failure, if alssiles are generated. Thia ;

!possibility is usually excluded in PRAs. The conditional
iprobability of containment damage as a result of RPV fallure

,

I '

depends on the containment type. It may be close to unity for
small designe like PWR ice condensor or SWR containments. '

Large, dry PWR containments will have a better chance of!. remaining undamaged. This holds especially for concrete
containments with steel liners. For further details, see ;
section 9.

containment Bypass !
i

!

7:hree major possibilities for containment bypass are
considered:
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-- Steam generator tube rupture (SGTR) at PWRs '

-- Failure of containannt isolation
-- Interfacing systems IDcA

Steam generator tube rupture may follow a core esit or might
act as a severe core damage initiator. In both cases a pathway

I
* is o from the reactor coolant system to the secondary

|cool ng circuit, bypassing the containannt. considerable
uncertainty exists concerning the possible fsilure of steam i

generator tubes in case of core damage accidents under high
system pressure. Most PRAJ do not consider this as a mechanism
for early containannt failure. j

spontaneous rupture or rupture of steam generator tubes as a
consequence of steam line break or isilurs to SCRAM can i

i

initiate a core amit seguence. Failure of reciosing of
isecondary relief valves might then lead to a core melt accident

with open containment.

Regarding failure of containannt isolation, US experience
suggests that containments can be expected to exceed their -I

permitted leak rates in 30% of.the ties. They can be expected
to have a large leak between 0,1% and 14 of the time.

High pressure Melt Bjection (RPNE)

The analysis of NPNB suffers from considerable uncertainties. !however, that in case of its occurrence the$
There is agreement,inment failure exista even for the largest !

potential for conta
and strongest containments. The special importance of this j

mechanism. lies in the fact, that it leadosto an extrensly high !

isource ters, as was shown, for example, in the German Risk '

! Study Phase B. !

ion the other hand, avoidance of NPNB by deliberate or accident-
induced depressurisation of the reactor cooling system might [

aideal" conditions for containannt-destructive staan j'

create'

f
explosions.

|Neit-Through of SWR Containannts
f

For some older BWR containment designs such as the U.S. MARK I
iand the German SWR-49 the conditional probability for early

containment failure may a ,.::e unity. In case of core damage 'r
aooidents the stesi containment will be penetrated by molten
core-material within a short time, which has the effect that ;

i
la W o-leak areas.in tt.e containment boundary are opened. A -

sianlar phenomenon has also been identified for PWR Ice
Condensor containannte. These effects are addressed in NUREG-

,
d

1150 but generally not; in other PRAs. ;

.

I

I
!
L
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10.3 enanram !.

10.3.1 cantainment Bysans

i

The containment building of a nuclear plant is penetrated by a
large number of pipes of varying diameter, which carry fluids
into or out of the containment. These pipes represent
potential paths by which radioactivity could leave the '

containment in the event of a core esit accident. Such paths
are often known as " containment bypass" paths.

;

Bypass paths fall into two basic categories:

!

* paths from the reactor coolant system (RCS) direct to the |
environment outside the containment or to buildings outside but I

adjacent to the containment; or -)

paths from inside the containannt (but outside the Res)*
direct to the environment outside the containment or to
buildings outside but adjacent to the containment.

An indication of the variety of potential bypeos paths is |
provided by figures 10.1 and 10.2. First, figure 10.1 provides

u a highly simplified picture of the power conversion system, j
energency cooling systes, and containment' spray / cooling system'

i

for the oconee PWR. This diagram shows that the RCS is !

connected to a variety of pipes which penetrate the ;

containment. Some of.these connections link the RCs to piping !
systems (often outside the containment) which are designed for 1

'pressures much lower than RCS operating pressure. Indeed, it
is said that a typical PWR has,20-25 valves associated with the
RCS which serve as high-low pressure interfaces (Wheeler,

51989). Thus, failure or inappropriate opening of valves may
connect the RCs to a low-pressure piping system outside of the !

,

j containment; a rupture in that system could then create an ,

unmitigable toCA and a consequent oore asit, as well as i
creating a release path for radioactivity liberated from the
molten fuel. This scenario, known as an " interfacing ayetems '

IOCA", has attracted considerable attention in many PRAs.

In recent years, pRAs have generally found that interfacing I
systems 10cAs make a small contribution to core melt frequency. |
However, US operating experience -- at least for BWas -- casts ;

considerable doubt on this finding. In a 1985 study (Lam, '}
1985 ), the NRC examined BWR operational data from 1975 onward,
lookLng for interfacing systems toCAs. A total of eight >

precursors were identified, suggesting that the probability of ;

an emergency core cooling system (outside containment :
pressurisedtotwiceitsdesignpressureisabout10')being {per
reactor year. If the probability of failure ofthispressureistakentofallintherange10'pesysgaat

>

to 10 , as t

the NRC's study suggests, then the probability of an
| intgrfacingsystemsLOCA(leadingtocoreesit)becomes10-5 to

| 10' per reactor-year. This probability range is two or three
1
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i

orders of magnitude higher than the probability typically shown
by PRAs.

A serious precursor event to an interfacing systems locA
|

occurred in the German PWR Biblis A in December 1947. One of '

two valves separating the reactur coolant system from the low-
pressure injection system had been left open at reactor start- )
up. To' avoid the necessity of shutting down the reactor, the J
second valve was opened for 7 seconds to create a pressure '

pulse to shut the first valvo. This attempt failed. Luckily the !
second valve did not remain stuck open like the first. Thia i
accident sequence had already been dropped from further t

consideration in the German Risk Study phase B, because it had :
been expected to make no significant contribution to risk (see t

also sootion 5.3.1). |,

-

Also to be noted from figure 10.1 is a path from the RCS to the 'e
environment via the steam generatores this is a potentially |

| important path for all PWRs. In the event of a rupture of f

steam generator tubes, a path will be opened from the RCS to |t

the main steam lines. Attached to these lines are pressure '

relief valves which communicate directly to the outside |
atmosphere. Thus, a core amit scenario involving staan j
generator tube rupture and the opening of secondary side relief

.; valves >(which may stick open) will feature a direct path from
.

the oore region to the outside atmosphere. This scenario is
.

'

'

discussed below at greater length. |

L !
IPor DNRe, an equivalent scenario involves leakage through the

main steam. isolation valves, whose function is to isolate the i

RCS from the power conversion system. In contrast to PWRs, ;

however, the power conversion system of BWRs is designed for t

full RCS pressure. As a result, it may be possible to avoid |
major leakage from the power conversion system to the
environment. i

Turning now to flyure 10.2, one finds a highly simplified ,

picture of potenthal connections between the containment and i

the outside environment at the Surry PWRs. It will be noted i

that large> equipment and personnel hatches penetrate the ,

containamat, as do large-diaaster pipes (36 inch dianster, in ,

the case of Surry) whose purpose is to purge the containment
!atmosphere. i

i

| In the remainder of this discussion, the focus is upon two ;

issues. The first issue is the possibility for containment :

bypass at PWRs via the steam generators. The second issue is ,

the potential *or failure of containment isolation. '

i

1
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Sypass Via PWR Steam Generators
|

.

i

i

For illustration of the parnasters of this problem, consider |the Ginna plant, which suffe.ted a steam generator tube rupture /

in 1982. This 490 MWe PWR operates with an RCS pressure of
about 150 bar and a secondary side pressure of about 50 bar. !

Four secondary-side relief valves are provided per steam I

generator, venting directly to the atmosphere. These reliefvalves are located upstream of the main staan isolation valves
and are set to open at a pressure of about 75 bar. Each of the ,

two steam generators contains about 3300 U-shaped tubes, each I

tube having an outside diameter of 22 na and a wall thickness l
of about 1 mm. The interfacing area por steam generator is 1

about 4000 square meters (Shelly, 1986). !

!
The low thermal mass of the steam generator tubes makes them
vulnerable to failure by overheating during a core melt

iaccident. This vulnerability is illustrated by figure 10.3, '

which shows estimated tube rupture time as a function of
,

temperature and differential pressure (note that 1 MPa = L

! 10 bar). Thus, steam generator tube rupture (SGTR) may follow :

core asit. It may also, however, be a core melt accident i

sequence initiator.
,

;; As an accident initiator, SGTR could lead to core melt if i

emergency core cooling systems were unavailable or became so '

during the sagdence (eg, due to loss of coolant inventory to
the secondary side). During such s e, the secondary side
relief valves are likely to open, experience suggests that'

there is a substantial probability that one or more of them -

will fail to re-close. In the latter event, there will exist, -

| even before the accident has proceeded to core molt, a direct i

release path from the core to the ataoophore. .

I
spontaneous tube ruptures are relatively common events. This !
is not surprising, considering the dimensions of the tube
walls, the harsh conditione to which they are exposed, and the

.

difficulty of detecting weakened tubes through routine '

inspection. In addition, however, SGTR could occur as a result !
of the primary / secondary pressure differential arising during a !
" steam line break" or " failure to scram" incident. An SGTR :
induced in this manner could lead to core melt in the same way
as a spontaneous rupture. |,

1

As indicated above, SGTR could also be induced by pressure and,

temperature effects arising during core melt sequences which i

have other initiators. These effects will be relevant for !

sequences in which the RCS remains at high pressure up to and
during core molt. During such sequences, there may be a t

substantial pulse of pressure on the primary side of the steam ,

generator tubes when the molten core slumps into residual water
in the base of the reactor vessel. While the core is melting,

,

tube temperatures may become elevated due to convective heat
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transfer from the core and/or deposition of radioactive
material within the tubes.

The temperature effect raises an issue which is generic to high
3pressure core asits and which is also relevant to the i

phenomenon of high-pressure asit ejection. This issue is the !-

heating of the entire RCS boundary by convective heat transfer I

and deposition of radioactive material, such heating could |
1ead to a breach of the RCS, either in the steam generators or !
at locations such as the " hot lega piping or the pressuriser ;

line. If the RCs is breached, its internal pressure would fall ;
and high pressure melt ejection would be precluded. To date,,

research and regulatory attention has focused on convective |
t

heat transfer rather than on heating due to deposited i
radioactive material. Even with this limited focus, ,

considerable uncertainty remains about the potential for i'
heating of steam generator tubes (NUREG-1150, 1987). In light
of this uncertainty, it can be argued that thermally induced
SGTR aust be considered a potential containment failure
neohanism for pWas (eg, Lyon, 1987). ;

*

NURBG-1150/2 concludes that thermally-induced fallure in a hot
leg is likely for some high-pressure PWR seguences, but that ;

thermally-induced SGTR is unlikely. As with other NUREG-1150/2
findings, however, this reflects " expert judgment" rather than

.; empirically based analysis. Moreover, NURBG-1150/2 does not j
consider heating of steam generator tubes-by deposited .;'

radioactive materir.l. Thus, the. issue. remains open. j

steam generator tubes are also vulnerable to impact by small i

objects circulating within the RCs. Two instances of US :
?

|
experience'are illustrative. First, North Anna Unit 1
experienced a rupture in February 1989, induced by f allure of a .

'

,

l plug inserted in November 1985. That plug, inserted to block !

flow from a degraded tube, broke apart and the top portion was ||
;propelled upward inside the tube, puncturing that tube and

denting an adjacent tube (Rossi, 1989). Second, at Eion Unit 1, !
stainless steel bolts and pieces.of stainless steel hinges were ,

found in the RCs during February 1982. These had been attached !

to an aluminium structure which had been inserted to block a |
i

[ steam generator inlet nossle during maintenance conducted in
L April 1981. That structure was mistakenly left in place; the ',aluminium dissolved and the stainless. steel components
|' circulated through the RCs. Damage to steam generator tube ends |( was evident, but no tube failure arose-(NRC, 1982ci see also :

section 4.3.1.1.5). In light of the relatively fragile nature
of the steam generator tubes, these instances raise the spectre j

of unsuspected tube weakness (potentially important in
transient or core melt conditions) or of multiple tube failure.

Failure of Containment Isolation

IEach path through the containment boundary is equipped with
hatches or valves, whose successful operation will "isolu.c"
the containment. Some paths (such as equipment hatches) are

l
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L
intended to be isolated at all times when the reactor is

*

operating. Other paths (such as containment purge lines or the
. main steam lines of BWRs) are intended to be isolated Iautomatically when indications of abnormal operation are ';

received. The concept of " isolation fallure" thus encompasses
i events which involve both pusive and active failures. It also ;
I encompasses pathe direct from the RCs to the containment '

! exterior and paths from the containment atmosphere to the |.p exterior.
!,

i
fA comprehensive review of data on containment isolation failure
!has been published, drawing upon approximately 815 reactor- t

years of US light-water reactor operating experience (Pelto,,

;1985). Data were drawn from licensee event reports (LERs) andi

!from containannt integrated leak rate test (CI1JtT) reports. '

The results of the review are summarised in table 10.1.
d

This table suggests that containments can be expected to exceed I

their permittee leak rate about 30 percent of the time.
Between 1 percent and 0,1 percent of the time, they can be ;

expected to have a large leak (typically 28 oguare inches in
area). For about 0,00$ percent of the time, they can be !

expected to have an enormous leak in the form of an open
airlock (leak area typically 5000 square inches). !Subataospherio PWR containannts or Mark I and Mark II BWR !.,

containments would be less likely to manifest significantu '

leakage areas, because leakage may be detected by loss of i
subataospheric condition or loss of inerting, respectively, i,

containment isolation fsilure may occur under conditions not
represented by the data base underlying table 10.1. Recent :

experience at three US plants is instructive in this respect. j
i In each case, it was found that containment isolation was .

dependent upon continued suocessful operation of the non- !

safety-grade instrument air system. The discoveries were made jby plant licensees in response to a generic letter issued by ;
the NRC in August 1988, many years after these plants commenced ;
operation. j

The first example concerns the Pilgria plant in Massachusetts
(a 670 MWe'BWR with a Mark I containannt). In January 1949 it
was discovered that the closure of containment isolation valves
in vacuum breaker lines connectir.g the torus to the reactor
building was dependent upon continuing operation of the i

Iinstrument air system. Although the plant design called for
accumulators to supply compressed air to these valves for 30
days after a failure of the instrument air system, a test i

showod that the accumulators would be depleted in less than :
!1 hour, resulting in a containment isolation failure (NRC,

1989c). The plant had held an operating license for 16 years ;
3 when this defect was identified. ,

A similar problem was identified in January 1989 at Browns :
Ferry Units 1, 2 and 3. These units are 1067 MWe BWRs which
entered service between 1974 and 1977. In February 1989, a
related problem was identified at the oyster Creek plant (a

,1
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620 MWs BWR which connanced operation in 1969). At oyster
Creek, the licensee found that air accumulators feeding the i

main steam isolation valves would rapidly depressurise if the i
instrument air system fsiled containment isolation fallure |
would follow (NRC, 1989c). j

i
' These detocts are particularly important because fallure of the :
instrument air system could be the initiator of a core melt !

'sequence or could arise as part of a core melt sequence of
; other origin. Thus, dependent failures could occur, linking a j

core amit sequence with a fallure of containment isolation. !

Containment hatch incidents are reported from French PWRs.

From 1982 - 1984, containment door seals failed during 6
incidents occurring at five French NPPs. In 5 cases, the 4

incidents resulted in total loss of containannt integrity for '

up to 4 1/2 hours. All incidents are potentially very serious !

since they involve total loss of an sesential safety function. |
,

In 3 cases, a single failure of the air supply to the door i
iseals of a hatch simultaneously affected both doors. In the

other cases, PJ degraded (although not yet critical) condition |
'

of the s a followed by delayed or no response from operators !

to the signais received in the control room, resulted in all !

door seals deflating. Thus, the problems arose partly from !

;l inadequate design of. hatches and air supply systems, and partly i
from operator oversights. System modifications, changes in i

control room alara design, and better training of personnel
were envisaged as preventive measures (NBA/ IRS 504, 1985). This
example is indicative of the complexity of possible sequences
leading to fallure of containment isolation. |

!

10 3.2 Eigh Pressure Malt Riention f
i

For many accident sequences, it is expected that the reactor I
core will asit while the RCS remains at high pressure. The !

Seabrook PRA uses 300 psia as the dividing line between low and i

high pressure core melts, and estimates that well over 90% of t

core esits at that plaat (a PWRD would be at high pressure, i
about half of the events involvLng a dry reactor cavity (PI4,

t

1983). FRAs for other.PWR plants have indicated a similar i'

preponderance of high pressure core asits.

For example, in the German Risk Study Phase B, almost all core [

amit scenarios are high pressure ones (about 974), assuming no
~

accident management. Taking accident management into account,
L it is claimed that this contribution is reduced to only about

12 4 (DRS 5, 1989; see also section 14). |
|

In the event of a high-pressure core melt accident, molten i
material could flow into the bottom of the reactor vessel and
melt through the vessel wall, while the RCS remains
pressurised. Molten material could then be ejected from the i

r158

i



. _- - - . . - . - . _ - - - - - - . - - - - - . - . . - . - - . .

|

o4

I
vessel at high velocity, driven by pressure inside the RCs.-

11 tis phenomenon is known as high-pressure melt ejection (HPME).
The concerne raised by NPNB are twofold. First, NPNB provides
mechanisms for the suspension of radioactive material in the
containment atmosphere. Second, it can lead to a substantial
increase in containment pressure, potentially leading to early-

' containment failure. That pressure increase could have j
contributions from direct heating of the containment
atmosphere, from combustion of the molten material, from
hydrogen-combustion, and irom an ex-vessel steam explosion, ;The phrase " direct containment heating" (DCH) is oftnn used to '

refer to this collection of effects. )

If NPNB is to occur, the RCS boundary must maintain its I
structural integrity until the molten core has formed a pool ;

inside the bottom of the reactor vessel. Further, the core 4

mest melt through the vessel wall in such a way that material 'l
flows into the reactor cavity at high velocity. There are
several factors which could decrease the likelihood of the core

.

i

asit conditions needed for NPNE, as illustrated by the |

following two effects. '

First, an in-vessel steam explosion could blow open the lower
and of the reactor vessel, thus precluding NPNE. Second, the i

temperature of the RCs boundary might closely follow the core :'-

n temperature for accidents in which the RCS is pressurised. If !
so, the decline of material strength in the RCs at higher

,

temperatures.could cause a loss of structural integrity, ,

I leading to depressurisation before the molten core slumps into
,

the bottom of the vessel. In addition, operators might succeed ;

in depressurising the RCs prior to vessel failure. :

!

:

There is dispute about the likelihood of these effects, but a j
consensus that NPME'must be considered as a pctential outcome - i
of PWR core asit sequences which begin with a high RCS i

pressure. NURBS-1150/2 concludes that relatively few such i

seguences would continue to exhibit high pressure until the i

time of vessel salt-through, thus downplaying the importance of |
NPNE. Mowever, as mentioned above, the findings of NUREG-1150/2 I

are not credible because of their overwhelming reliance upon :

' expert judgment'. Somme analysts feel that NPNI is less |
significant for swas because high-pressure core asit sequences !

are less likely than for PWRs and because large quantities of :
molten oore material may not be able to collect in the vessel's |bottom head. Mowever, swa containannts would be vulnerable to
even reduced-magnitude NPNB events because of the small froe
volums of Mark I and M' ark II containments and the relatively

| low design pressure of Mark III containments (NUREG-1150, ;

1947). c

Even it conditions for NPME are assumed to be satisfied, there t

remains great uncertainty about the magnitude of the '

containment pressure which will be generated. However, present -

estimates of the range of possible pressure loadings are such

,
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that the ' potential for containment f ailure exists even for the '
'

largest and strongest' containments (NUREG-1150, 1987
remains true even as more sophisticated analyses (eg). This :t'

, Williams,
1987) demonstrate the potential role of certain factors (eg,
the existence of compartmants within the containment free '

volume) in reducing estimated peak pressure loadings. In NUREG- t
e

.1150/2, it is determined that the surry and Elon containments
(of the large, dry type) have a high probability of '

withstanding expected pressure loadings;from HPNE, as does the i
+

sequoyah containment-(of the ice condensor. type)'if substantial :
ice remains present at the time of HPME. However, as mentioned >

earlier, the. findings of NUREG-1150/2 are not credible. !

:

:

It is ironic that, when the potential for NPME was first
recognised, it was thought to be a phenomenon favorable.to
containment integrity.. The zion PRA, published in 1981,

.

,

proposed NPNB as a mechanism.for, dispersing molten. core ,

s
material over the floor of the containment, thus preventing a v,

high temperature- core-concrete interactior, and thereby avoiding |
V

| the evolution of~ gases (including combustible gases).and
|' radioactive aerosols which accompany such interaction

,

, (commonwealth, 1981). However, suLmoquent experiments conducted
"

at sandia National Laboratories have shown that MPME is a much
more violent event than the authors of the Zion PRA thought,

,

and that it in fact presents a major threat to containment !

(, integrity (NUREG-1150, 1987)..

| ?
o

.

!

| 10.3.3 Malt-Through of Older M R Containments ;

l. BWRs with Mark I containments are vulnerable to containment
failure arising from penetration of.the steel liner of the !

drywell by molten core material. Figure 10.4 illustrates this .

vulnerability; if molten core material pours into the reactor
cavity, passes through openings in the reactor pedestal, and /

runs-across the concrete drywell floor, it will come.into
contact with the steel drywell liner. Failure of that liner
will open a large leak area in the containment boundary. ,

;
p

.

'

Failure of the' liner could occur rapidly. Consider an I

illustrative calculation made in the draft NUREG-1150 (1987). |
.Here, ar. accident at one of the Browns. Ferry SWRs was assumed, i
involving loss ~ of all coolant injection at scram and failure of .

L the automatic RCS depressurisation system. It was assumed that
| the molten core debris was spread uniformly over the concrete
L floor to a 6-meter radius, being bounded by the 3-centimeter-

thick steel drywell liner. Estimated failure times by various
fallure modes are shown in table 10.2. It will be seen that
melt-through of the liner is expected over a wide range of

1 conditions, and could occur within a few minutes. By
E comparison, the estimated times requirert for the drywell to

f ail via the overheating or overpressurization modes are

| considerably greater.

| <

|
l'
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* * . " The situation is'similar for the five German " series-69" BWRs.,

1The bottom part of the Containment steel hull will melt through I
within minutes after contact with the molten core, thus opening ia pathway to the environment (TUV, 1985). I

l

A similar phenomenon has been identified for PWR Ice Condensor
containments.LIn the case of the sequoyah plant, and presumably :

.'other plants of similar design, a HPME event with a relatively I
dry reactor cavity would be likely to deposit molten co',e !

,''

asterial in a location where'it would rapidly melt'throuph the j
steel containment wall (NUREG-1150, 1987, Vol. 1). Furthar

iinvestigation may reveal a similar problem for other accident :

scenarios and containment types.

10.4 FINDINGS OF NUREG-1150/2 AS TO EARL 1f CONTannnner
FAIIBER e

'.
It has not been possible for us to review the'second draft of
NUREG-1150 in any depth, due to the unavailability of its
supporting documents (and the fact that it was published when 7

our study.was already nearing completion). However, the
,!findings of NUREG-1150/2 in relation to early containment

failure must be mentioned, because this study has treated that :
issue in a more elaborate manner than any preceding PRA.

,

M Accident progression event trees have been developed in NUREG-
1150/2, which in principle could provide a logical framework .|
for addressing the complex issues-involved. An elaborate set of
uncertainty calculations is performed for these event trees, in
a process,which would be scientifically credible were the

,

needed data available. However, those data are not available,
and " expert judgment * is resorted to. Thus, the calculations ;

are fundamentally flawed.

In suunsary, NUREG-1150/2 finds that the conditional probability i
'of early containment failure (assuming core damage) is quite

low for the three PWRs studied. Table 10.3 illustrates those i

findings.'By contrast, it is found that the two BWRs which were
studied have a high conditional probability of early
containment failure (mean values.well above 10 % for the
dominant accident seguences). These findings deserve a thorough
review. -

|' An interesting qualitative finding from NUREG-1150/2 is that
the Grand Gulf BWR (with a Mark III containment) is susceptible ,

to containment failure from an ex-vessel steam explosion. In '

this scenario, a steam explosion would destroy the reactor
pedestal, following which the drywell wall would be expected to
fail either from impact by the unsupported reactor vessel or
from loading at pipe penetrations.

1
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'11 EYDROGEM DEFIAER&TIQM AMD DETORIATIGI(

11.1 18PFRODUCTION

~During core r.elt accidents, large amounts of Hydrogen will be..

generated and released to the containannt atmosphere. Rapid
pressure increase by large scale Hydrogen deflagration or even
detonation beccess possible. This constitutes a serious ~ threat
to the integrity of the containment. At this stage of an
accident, the containment is the last barrier preventing the
uncontrolled release of a considerable fraction of the
radioactive inventory.

The real potential of Hydrogen deflagration or detonation to be
a major contributor to risk was revealed by the Three-Mile-
Island accident.' Earlier risk analysis studies had almost ,

completely ignored this problem, or, when they had considered
it, had grossly _ underestimated it.

The main source of Hydrogen is the. oxidation of metals,
especially of Sirconium, which is used as fuel cladding
material in PWRs and BWRs and additionally as a material for
channel boxes in BWRs.

At temperatures higher than about 1200 K Sirconium reacts with.

.? ' water or steam exothermically according to the equation
"

Er + 2N 0 --> Er02 + 2H2 + 586 kJ/Nol2

(Hennies, 1987)

The excess energy, in addition to the decay heat, heats up fuel
and astal. For temperatures higher than 1500 R, the oxidation
process becomes.autocatalytic, i.e. is accelerated by the
energy it releases itself.

For in-vessel Rydrogen generation, the oxidation of Eirconium
is by far the dominant factor. Thus, a 'Bydrogen Hasard Factor"
might be defined, relating the free volume of the containment
to the 31rconium inventory for different reactor types and
designs.

In table 11.1 the values of this hasard factor are given for
various.designe of PWRs and BWRs. in operation worlGd de. The
differenos between BWRs with their small pressure suppression
containment and PWRs with large containments is clearly to be
seen. Table 11.1 indicates the relative importance of
introducing counter measures for different containment types.
The following asasures have been implemented so far:

- Nitrogen inertion of the containment for the small Mark I,
Mark II, GBWR-69 and SBWR
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- Electrical ignitors for Mark III BWR and ice condenser PWRs f
*

I- No measures for PWRs with large dry containments

(Anderson, 1986; NUREG-1150, 1947; RSK,'1987)-
|

.If the melt is not dispersed by high pressure melt ejection or ~i

a steam explosion, a concrete-melt-interaction will occur in
most reactor types after the molt-through of the reactor
pressure vessel. During this stage of the accident additional
Hydrogen is produced by the oxidation of the remaining

'

tirconium, and the oxidation of other metals. Investigations <

have shown that the steam generated by the concrete-melt is
completely reduced to Hydrogen as it flows upward through the
molt'(JTET, 1986).

This fact is ignored in many PRAs. The additional potential of .

. Hydrogen generation by the concreta-melt-interactic n is of the
~

sano order of magnitude as it is for the in-vessel Eirconium ',
L

L oxidation. ,

1 . .

L This does not hold for BWRs with a steel shell containment,
e.g. the German BWR ' series-69" and some US BWRs with MARK I
containment, where the concrete-salt-interaction plays no major <

'

role. For thesestypes melt-through of the pressure vessel must
be assumed to be followed by containamat failure after a short
time anyway (see section 10.3.3). *

|. . . , . ,

Besides the possibility of early containment failure due to
detlagration or detonation the fallowing. contributions of
Hydrogen to' risk have to be considered:

,

- Mobilisation of fission pt1. ducts caused by deflagration. This
L- has to be taken into account regardless of whether the

|' containment is destroyed or not. -

1

L - In case of filtered containment venting, Hydrogen burning
might damage the f11ter.

- Pressure buildup without ignition in SWRs can lead to over-
pressure failure of the containment.

- In older BWRs, Hydrogen burning outside the containment after
meltthrough might significantly increase the source tera.

11.2 sinemEE OF MAIF PROBLEMS

Analysis with an AICC combustion model (Adiabatic Isochoric
Complete Combustion) shows that during core melt accidents,
sufficient Hydrogen is generated and released to the
containment atmosphere to endanger the containment integrity of
large dry PWRs by coherent deflagration or detonation.
In addition local detonations might be possible leading to
containment failure as well (OKO, 1988).
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'For the smaller containment designs of ice condensers and BWRs '
' MARK III,this,hasard is increased..

3, ,

. .

iFor the small Mark I and II designs and the German series 69 'iBWRs overpressure failure of'the containment is possible due to i
'

-the partial pressure of the noncc* densible1 Hydrogen even (,

.without any. combustion. I

i
since'it'is' impossible to predict the time of ignition, the

]probability of early conte.inment failure cannot be' assessed.
1

Any probability estimates that are given, e.g., in the first
'

draft of NUREf1-1150 (1987) must be regarded as totally
arbitrary.'

Without countermeasures, early containment failure must be
'.

regarded to be at least probable, if not inevitable. Therefore,
the earliest possible time and the case'with the. highest source
term has to be assumed conservatively.in PRAs. For large dry J
PWRs the earliest possibility for containment failure is at the
time'of vessel failure, when local detonations have to be- >

assumed. This stage is. reached 2,5 hours after the beginning of;
'

the accident. sequence.

The only effective countermeasure which is available at present !
'

is Nitrogen;inertion of the complete containment atmosphere, i

This, however, has been implemented for.the small BWR
containments only. The integrity of such containments is.

.J endangered by Hy& w pressure buildup even without
combustion. '

Ignitors that are installed in Mark III and ice' condenser
containments might even increase the hasard, since they can
trigger a deflagration or detonation in certain. accident
situations.

Other measures, like catalycic foils have not yet proven to be ;
effective under all circumstances. For cases with rapid.
Hydrogen release, their capability of transforming Hydrogen to
water is not sufficient. ,

l-
,

11.3 CORE MEDE ACCIDENTS IN PWRS AMD BNRS
,

11.3.1 EE ?

In the introduction to this section, we mentioned the idea of
classifying the risk of a certain reactor type according to the '

,

|
potential Ey& gen generation during core melt accidents. In a
study performed.for the city of Hamburg, concerning two GBWR-69 ,,

types and two GPWRs, this approach was elaborated further (Oko,
1988).

L
The further treatment will be based mostly on this work, in
which one of the authors of this study has participated. The

,

influence of design differences will be discussedt

L qualitatively.

L
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A given containment design can be characterized by its freeM
. . .
' ,,

volume, the range of pressures which are possible in the'

,

containannt during core melt accidents, and the possible masses
of released ~ Hydrogen. By applying generally accepted. criteria

'
for Hydrogen inflammability limits in steaa-air-atmospheree
(SNL, 1986: Tosetti, 1983) and assuming homogeneous mixture, '

'

.three different states can be identified: .

- The mixture is not inflammable'

- The mixture is intlammable
>

.

- The mixture is detonable |
FIn figure 11.1 this is illustrated for a large dry GPWR

containment of the convoy-type, which is comparable to large ;

.:L dry US containment designs (see table 11.1). The inflammability' ,

limits are listed.in table 11.2 and are basically the same as' '

those used in the code NBCTR 1.5 (SNL, 1986). The maximum mass i
of. Hydrogen that can be burnt, independent of any other :i,

restrictions, is limited by the mass of available oxygen, and
is about 2500 kg.

,

The parameter range where tailure of the containment can be !

expected must then be identified. First.of all this depends on-
'

the system design. The German PWR is designed for' static
overpressure of 6,3 bar. Failure.is usually assumed at 8,5 bar

.i (Houser, 1986). The.large dry US type-is designed for 4,4'bar.
In NUREG-1150 (1987) its failure-threshold is assumed to be ~

'

9,2 bar. Other US plants are designed for 3,2 bar only.
(Shunaugavel, 1986). We regard a failure! threshold of 8,5 bar
as representative for US designs as well.

n.

In the next step, the pressure buildup has to be assessed. In
I(OKo, 1988) a simple AICC-model was used (Adiabatic, Iso;horic,

complete combustion). According to this model, the heat I

! released by Hydrogen deflagration increases the temperature and
pressure of the atmosphere according to basic thermodynamic i

equations. !

C Unfortunately, this approach.is not conservative in every case.
Although the AICC-model is regarded to yield upper-limit
combustior. pressures'and temperatures, this only applies to
Hydrogen concentrations'below 15 Volt (Berman, 1984a; Benedick,
1982; Roller, 1982). Turbulent combustion effects can lead to

I
higher pressures (Langer,1984; Kumar,1984) as well as to

' Deflagration-Detonation-Transition (DDT) (Berman, 1986c).(For
more detailed discussion on this topic see (OKO, 1988))

Figure 11.2 shows the AICC results for the GPWR. Since the
dynamic loads of coherent detonations can be expected to be
beyond the capacity of the containment attr.cture (Gittus, 1982;

.982), failure must be assumed for theHaskin, 1984; Elliot, 1
'

complete parameter region (state) where detonations are
possible.

|
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'a. Finally,-the design dependent characteristics of different con-
tainment types have to be related to possible accidenti

b scenarios. Pressures'and Hydrogen masses have to be determined.

' Figure'11.3 shows the " Pressure Histories" that'are expected
for High, Low and Intermediate pressure sequences for the GPWR
-(Houser, 1986).iBecause of the larger containment (by 10%) and

p, the soaswhat lower thermal power, pressures.for the US design
,

might be slightly lower. This difference will not be taken into
account in the further discussion. The influence of containment
spray systems'for US designs is not analysed.

'

In table l1.3 the masses of released Hydrogen are presented for
the Iow pressure sequence of a core melt accident. Regarding |

'

in-vessel Hydrogen generation, it is assumed that 60 % of the
'

zirconium inventory (Lo case), or 90 4'(Hi case) are oxidised.
L Ex-vessel generation is estimated according to various studies

(Massmann,1985; Langer,1985; Baukal,1984). For the Io case, .|
these values were reduced by 25%. For the US design, these l

. values are assumed to be a reasonable' approximation.

Figures 11.4 and 11.5 show the development of pressure and - i

Hydrogen mass:with tims.for the.Im'and Hi cases. The parameter !

region where containment fallure occurs in case of detonation
or deflagration is indicar.ed.

The result is that for the Mi case, containment destructive.

.# deflagrations or detonations are possible, for the German PWR,
during the tias+ span from 2,5 to 42 hours after the beginning ;

Iof the accident coquence, and for the large dry US PWR, during
l the period from 5 to 39 hours after the beginning of the
1. accident sequence.

1
!

L For the In case, this is possible during the period from 5 to 1

40 hours for the GPWR, and from 16 to 35 hours for the US PWR.
|

,

\.

L i

L Discussion

1. High Pressure Sequence (HPS) |

A similar' approach has been follow'ed in (OKO, 1988) for the
L HPS, but it must be noted that the uncertainties concerning |

this sequence are much higher. ;
I

Unresolved. questions ares !

- High pressure melt ejection and the role of Hydrogen I
deflagration to pressure buildup (see section 10)

L' - Early depressurisation due to primary loop failure
1

- Early depressurization by accident management

As far as the issue of Hydrogen generation is concerned, the
time of depressurization is particularly relevant, because it
can be expected that the major part of the in vessel generated

|
Hydrogen will be released to the containment atmosphere very

,
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rapidly at this time. Incal' detonations caused by self ignition: , V,1 or even possibly triggered by ignitors might be the-
K' consequence. The capability of recombination systems usually is iL not sufficient to deal with such a rapid and massive Hydrogen* 4 release.-
'm, t

. 2. Carbon monoxide (CO)
. -

1

L During the melt-concrete-interaction, Carbon dioxids (CO ) will '

3;H' be generated. Passing through the melt it is almost compIetely.'

reduced to CO (Tarbell, 1982).

Co is inflammable. Its heat production per mole is slight 1 1,

higher than that of Hydrogen. CO increases-the inflammabil ty iJ. limits. This might lead to a further reduction of the
effectivity of ignitors and eventually of recombination systems ,

(see Section 11.4). )
Combustion of Co and the corresponding additional pressure
buildup are not included in the calculations presented here.
Thus the hasards in fact can be even more severe than indicated >

by the.results.
,

,

-
,

3. Other Designs

All designs with relatively small containments like ice.

,' condensers and subataospherics are more vulnerable. For ice ;

condenser containments as considered in the first draft of
NUREG-ll50 (1987), the' likelihood of local detonations in the '

| ice bed region is significant.

4. Counterasasures
0
| see section 11.4 ;

L

L
i 5. Detonations

A homogeneous mixture of the complete containment atmosphere
was assumed so far. This is regarded as a reasonable assumption
in case. fans are operating (NURBG-1150, 19873. For other

|' conditions, this assumption is conservative Lf only
deflagrations are considered (see-(OKO, 1988) for a more
detailed. discussion). It must be noted however, that especially
in multiply subdivided containments high local detonable
Hydrogen concentrations are possible.(Casper, 1984; Bareiss,.
1985a), threatening the containment integrity (Bareiss, 1985bt
Karwat, 1986).

At.the time of vessel failure (2,5 hours after the beginning of
the accident sequence), several hundred kilograms of Hydrogen
are very rapidly released to the containment atmosphere. Since
steam and Hydrogen might have been to some extent separated
inside the vessel, and the released steam condensates within a

i sho % time, local detonations are most probable at this time.
I l
1
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Thus, containment failure has to be assumed at the time of
.

*

vessel failure, even with the averaae concentration of Hydrogen inot being high enough to lead to containment failure.

6. Ignitics Time

i
There is no possible way to reliably determine the ignition i

time. Therefore-it has to be assumed that' ignition can happen J

arbitrarily at any time. This assumption is supported by the 1
THI-accident, where an inflammable mixture was present for 5 1

' hours before ignition occurred (EPRI, 1985). For level II PRA
the earliest possible time which involves contailunent f allure
and the case with the highest source Term have tc> be assumed
conservatively.

;

7. Containment Depressurization
4

- by venting j
L_

|- - by recovery of spray systems
T

might have the effect of returning from an inerted condition
back again to inflammable conditions. This issue, however, '

requires further study. Conclusive results are lacking to 4

_ data..

'
.,

11.3.2 M
<

'

For BWRs, two issues have to be considered: Combustion and
subsequent overpressure failure of the containment, and

| overpressure fallure due to the partial pressure of the
b noncondensible Hydrogen without combustion.

Due to the limited oxygen available in BWR containments with no
inertion only 200 - 400 kg of Hydrogen can be burnt, dependent
on design. The corresponding fraction of 31rconium that has to
be oxidised is about 10 4.

Containment-destructive pressure buildup caused by deflagration
is possible beginning at 190 kg (5.5%) for a GBWR-69.2 (see
table 11.1). Detonttions which have to be assumed to be

o containaertt destructive as well are possible from 110 kg (3.2%)
on. The corresponding values.for a BWR-MARK-II assuming a 9 bar
failure threshold are 250 kg (8.5%) for containment destructive
deflagrations and 160 kg (5.3%) for detonations.,

The underlying scenario is fallure of emergency power supply in
case of station blackout for the GBWR-69.2 (TOV, 1985). In this
sequence, pressure buildup is caused by Hydrogen deflagration
and the partial pressure of Hydrogen only. Additional staam
pressure is not taken into account.

'

In cases where Hydrogen deflagration begins at a steam pressure
of several bar (for example in case of failure of decay heat .

I

i
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'T, ' removal systems

cause'containmen)t failure is further reduced (OKO,the necessary amount of Hydrogen required to
<

* -
1988).,

In"the first draft of NUREG-1150 (1987) the fraction of
~ Zirconium-oxidised during in-vessel Hydrogen generation and
release is. estimated to be between 10 and 50% for SWRs. In i
table 11.4 the resulting air and Hydrogen pressures are listed. 1

.To complete the picture, the values corresponding to 90%
oxidation of Eirconium are given.

These values must be added to a static steam pressure of about i
4 bar and are superposed by dynamic loads from the steam relief ;

into the wet well. It becomes-clear that even without any ,

combustion of Hydrogen the containment integrity is endangered
'

.

by overpressure, especially for the very small containments.
]

11.4 COUNTERMEASURES

11.4.1 Containment Inertion

Nitrogen:inertion of the complete containment atmosphere is the
most drastic amasure and probably the only measure that
significantly reduces,the risk of containment destruction by

'

|. Hydrogen detlagration or detonation. However, it must be noted
,

that during the start-up and shut-down phases the containment
inertion is suspended, so that during about it of operating

n time.there will be no inertion. Since it must be assumed that.. ,

f during these= phases nuclear power plants are especially
susceptible.to accidents, the overall risk reduction will be

,

considerably less_than a factor of 100.

Containannt intertion is implemented for small containment
types only. For thess designs, overpressure failure due to the
partial pressure of the noncondensible Hydrogen even without,

combustion constitutes a comparable hasard.
1

,

Furthermore, Hydsor,en combustion after molt-through of the
containment might have a significant impact on the source term
for those containment types, especially for the GBWR-69.

%

L 11.4.2 ,Ignitara
I

|
' The larger US containments such as the Mark III BWR'

containments and the ice condenser types are equipped with
ignitors for early and controlled burning of the generated
Hydrogen. The main shortcomings of these systems are:

- The effectiveness of the forced ignition is questionable
below Hydrogen concentrations of 84 (OKO, 1988). Note that

.
the combustion induced pressure buildup can be well beyond
the containment failure threshold for Hydrogen concentrations
of less than 84.

- For all high pressure melt sequences and steam explosions,
and possibly other sequences as well, a very rapid release of
large amounts of Hydrogen must be assumed. In these cases

169

.. . . . - . . . - - . . . . . . . - . . - . . - . . - . - . . - - - - . . - - .



|Q. ''

p- -

.

.

containment destructive detlagrations or'even detonations '

might be triggered by the ignitors.
,

- The effectiveness of the ignitors is dependent on electrical
energy supply. Failure of emergency power supply in case of
station blackout leads to unavailability of the ignitors, at
least in some plants (NUREG-1150, 1987). Recovering of the,

energy supply when considerable amounts of hydrogen have
already been released to the containannt will lead to' forced
ignition and possibly to containment destruction.

No conclude that ignitors do not reduce the probability of
early containment failure by HyC W . deflagration or
detonation. In fact it must be suspected that taking into

, account all possibilities, the probability is evna increased.

11.4.3 Reenahinatian_Bystaan

Catalytic metallic foils have been proposed by Chakraborty to
remove the Hydrogen from the containannt atmosphere
(Chakraborty, 1986; GRS, 1987c). The basic advantage of these
foils is that'they can be designed as passive systems and
therefore are independent of energy supply.

However, it is questionable at present whether the catalytic
foils do function satisfactorily under all~ physical conditions.,

i,

'In any. case, the recombination rate is not sufficient for
accident sequences with rapid Rydrogen. release. This holds
especially when recombination poisons (substances which
decrease the efficiency of reoombination) are also released, as
must be assumed for many accident sequences.

12 STBAM EXPLQSIQM AlgD L-MDDEJ:ONTAIMMEMLPAIIBRE

12.1 INTRODUCTION

During core melt accidents, it is possible that the hot molten
core material will come into close contact with water. A steam
explosion might occur, with the possible consequence of early
containment failure.

Generation of a containaant-penetrating missile by a severe in-
vessel steam explosion was identified as the a-Mode containment
failure in the Rasmussen Report (WASH-1400, 1975). It is one of
the most controversial issues of nuclear risk assessment. (See
for example (Theofanous, 1988; Berman, 1988; Marshall, 1988;
Corradini, 1988; SERG, 1985))

Some earlier studies like the German Risk Study Phase A (DRS A,
1979) regarded steam explosion as the only possible mechanism
for early containment failure (apart from failure of
containment isolation). Therefore, the results of these studies j
depended significantly on the assumptions concerning the i

conditional probability of the a-Mode containment failure. For |
|

!
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example, for DRS Phase A, steam explosion induced early,
!.,

containment tailure was by far the dominant contributor to '.

risk, although it was assumed to occur in only 2 % of all coree s '

nelt accidents.

In the meantime, other mechanisms for early containment failure
have been identified (for example, high pressure melt
ejection). Thus, the issue of steam enplosions appears to-

receive less attention nowadays (NUREG-1150, 1987).

Nevertheless this is still a very important issue. If it is
correct that steam explosions are possible and can be strongi

l

enough to destroy the containment, there is no countermeasure
p at existing plants.

.

| The occurrence of steam explosions is-governed by deterministic
i laws. In principle,'no statistical uncertainty is involved: If
l

the required conditions apply, a steam explosion will occurt
otherwise, it will not occur. However, the problem encountered ,

when attempting.to analyse steam explosions in a PRA is that'
'

only little is.known about the underlying' laws and.necessary
conditions. Furthermore, the course a core. melt accident will
take cannot be accurately determined beforehand. Therefore, no
definite statement can be r.ade as to the probability of a ,
containment- destructive steam explosion. -

L The only points that are really known are:

- Steam explosions can occur and they can have a considerable

| Ldestructive potential
.,

- Steam. explosions have been experimentally induced with molten
corium and water

( - steam explosion experiments are not reproducable. Repetition '

, of the experiment in many cases yields other results, for
i unknown reasons

- The highest conversion ratio from thermal to mechanical
energy observed for a steam explosion was between 5 and 174
(The value could not be determined more accurately since the
experimental equipment was destroyed)

The analyst Berman has based his " Uncertainty study of PWR
Steam Explosions" on these experimental facts. His study i

resulted in the statement that the conditional probability of a
j containment destructive steam explosion lies between sero and
' one (Berman, 1984b; Berman, 1987). It must be emphasized that
| this statement is by no means trivial. It means that it is not r

h possible to give a numerical value for the probability of this
event which would be justified by experimental data. In the

,

next sections, the phenomenon of steam explosion, and thei

L various approaches to estimation of its probability, are
| discussed.

|
t
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12.2 SUISEARY OF MAIN PROBIENS

In WASH-1400 (1975) the conditional probability of early |containment failure due to an energetic in-vessel stet,a-
explosion (the so called a-Mode) was assumed to be 0,01.

-

I

* Due to lack.both of experimental data and of appropriate,

p theoretical models, this value must be regarded as just as
arbitrary as any other.value between zero and unity. ,

i,

Likewise, the ultimate conclusions of NUREG-1150 (1987) that .

(a) the contribution to risk from.this class of events can be "

neglected'and (b) that uncertainties in the probability of
e-Mode failure are not a dominant problem,.cannot be
substantiated. The same holds for the conclusion of Phase 5 of
the German Risk Study (Neuser, 1989V DRS B, 1989), that steam
explosions do not represent a risk relevant accident path. ~

,

The only appropriate way of'tracting steam explosions is to
assume that they can occur -- without any judgment on
probability. The compulsion to produce probability estimates so '

as to fulfill'the task of probabilistic risk assessment has led
,

to many errors and considerable confusion on what the real
state of knowledge is. *

Furthermore, the other possible effects of in- and ex-vessel'
;i steam explosions should be included in PRAs

,

.

- possible rupture of steam generator tubes, thus bypassing the
containment '

- bypass of pressure suppression systems for Boiling Water
Reactors

i

- impact on fission product transport processes

- impact on coolability of core debris

- impact on source term even when the containment is not,.

destroyed

- weakening of structures

- Hydrogen production

Those points were not considered in NUREG-1150. It is not yet
known to what extent they were taken into account in the German
Risk Study, Phase 8.

12.3 PNENONERA OF STRAN IIPIDSIONS

The " classic" scenario of a-mode failure of a pressurized water
reactor containment is that, during a core melt accident, parts
of the molten core material slump into the residual water at
the bottom of the reactor pressure vessel. Fragmentation
processes lead to a very rapid heat transfer from the melt to
the water, which evaporates explosively. A slug consisting of

172

. . . . - . . . . - ~ _ _ . _ . . - - . ._ _ _ . . . . - . _ _ _ - . - _ - . _ - _ _ _ _ _ _ . _ _ - . _ . . - _ _ _ _ - - . -



.,
. .- -- -

,

'!,-
, .

|
'

p
.

1 '. ' melt and water is. created, which is accelerated upwards by the
| explosion, and hits the reactor pressure vessel head. The '

vessel head fails and part or all of the vessel head is
catapulted through the containment.

A similar sequence can be constructed for BWRs, but steam
!explosions seem less likely for BWRs, since their vessel botton

!
iis largely occupied by control rod drives which obstruct the 1

| aixing of water and molt. On the other hand, a smaller energy )release is required for failure of BWR vessels and for,

containment failure by overpressure or by missiles.

[ Experiments have shown that it is more difficult to trigger '

steam explosions at high ambient pressures. Therefore, for high,
>

i, pressure melt sequences, steam explosions are often said to be
|. impossible. However, there are indications that steam

4

t

explosions can in fact be triggered under these conditions' '

(Berman, 1986a).
l

.

Steam explosion is of special importance in view of an often-
proposed accident management measures early depressurization of
the primary cooling system, to avoid high pressure melt
ejection. The dilemma arises that when preventing containment ;

failure due to high prf.ssure melt ejection, the possibility of i

| a containment- destructive steam explosion has to be accepted,
i s,

( Apart from in-vessel steam explosions, steam explosions can'

also occur after melt-through of the pressure vessel. This is
dependent on the accident sequence and the design of the vessel
cavity and the concrete biological shield. These factors
prevent early~ contact of the melt with water for some designs
and accident sequences.

When early water contact is possible, ex-vessel steam
<

explosions are a threat for containment integrity as well, i

especially for BWRs (Haskin, 1986; Sholly, 1986; Evans, 1983).
,

Even when steam explosions do not induce containment failure
directly, they can have some unfavcurable consequences:

.

I

- Steam explosions can lead to weakening of the containment
system, reducing its failure threshold for subsequent loads.

Fission products are mobilized leading to higher source-

terms.

The melt configuration might become more difficult to be-

cooled, because of unpredictable dispersion of the molten
mass.

In case neither the vessel head nor its bottom fail, steam-

explosions might induce steam generator tube rupture, thus
leading to containment bypass (see section 10).

If the vessel bottom fails, a situation comparable to high-

pressure melt ejection might be evoked.

. __
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- Considerable masses of Hydrogen can be rapidly generated by' (
'

steam explosions (corradini, 1983). Thus, the hasard of
.

containment destructive Hydrogen deflagrations is increased, !
even for plants that are equipped with ignitors or catalytic +

recombination systems (see section 11).

Neither of these points is considered satisfactorily in current !
PRAs, where interest is focused on the e-mode, which is not

~

regarded as a contributor to risk.
'

|
f

'
,

12.4 DETWBEINISTIC APPN
'

l ,

Various theories on steam explosions have been developed in the -

" '

past. These are discussed elsewhere (Goedecke, 1982). The ,

present state of the art can be summarised as follows:
-

" a) Fragmentation of molten material can be i-

calculated. In some cases the results are in i

reasonable agreement with experimental ,'
|

observations. However, in most cases it is
impossible to prove the theoretical results
experimentally."

" b) Detonation theory models can predict an,

> experimental result if the geometry of the
experiment is one dimensional."

(K6rber, 1985)

In any case, containment destructive steam explosions cannot be -

excluded by these models:

" For these experimental conditions even very.

strong supercritical cases are theoretically
possible, since the hydrodynamic fragmentation
mechanism proved to be highly self escalating -

under special' triggering conditions. Thus,
further theoretical and experimental
investigations of triggering events are very
important in order to axclude'the possibility
of occurrence of these very strong detonation
waves under realistic conditions "

(Carachalios, 1986)

The experimental base is not auch more reliable than the
theoretical base. Most experiment a (for example, of the FITS
series at Sandia National LaboratJries) were performed with
Iron-Alumina instead of Uranium Dioxide and with masses of
around 20 kg compared to the thousands of kilograms that might
be involved in real accident situations (Berman, 1986a). !

Furthermore it is obviously impossible for the experimenters to
produce predictable steam explosion events. Bersan, commenting l

1the RC-series concludes:

I
.

|
I
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* " This result seems to support the idea, that i
.

FCIs (Fuel Coolant It.teractions).are not simple
and predictable events but rather just the ,

;opposite - very complicated and unpredictable
iin many cases. "
!(Berman, 1986b)
,

The RC-series of experiments gave valuable insights concerning '.the efficiency of energy conversion during a steam explosion. !Earlier experiments had yielded ratios for the conversion fron ;thermal to mechanical energy of a few percent (Oh, 1987 ATON,1989). For probabilistic investigations, upper bound values of ,

3 - 5 % were therefore usually assumed (Swencon, 1981; Berman, ,

1984b).
.

The experiments of the RC-series for the first time were
performed in a rigid chamber, instead of the flexible lucite
chamber of the other FIT 8 experiments. This is more realistic *

for in- vessel steam explosions. RC-1, the first experiment, '

did not lead to an explosion, but RC-2 resulted in a very,

violent steam explosion, which destroyed the apparatus. ,
t

The analysis performed after this experiment was based on the
damage experienced and on-the readings of one instrument
monitoring pressure. A conversion ratio between 5 and 17 % was

; estimated, with a high probability that it was above 10 %
; i (Berman, 1986b).

Therefore, an upper bound value for the energy conversion
.'factor of in-vessel steam explosions of at least 17 % has to be

assumed.

In view of the RC-series it might furthermore be possible that
steam explosions at high pressures are more likely to be
triggered in a chamber with a rigid wall. This issue, however,L

requires further experimental investigation.

l The last fundamental question is how much of the molten core ,

material night be involved in a steam explosion. Estinations of
the members of the US SERG committee (Steam Explosion Review
Group) ranged from 700 kg to 24000 kg (SERG, 1985). Upper bound
estimations for the German PWR were in the range between
2000 kg and 30000 kg (K6rber, 1985; Friederichs, 1986). Based
on analysis with the computer code MELPROG, Berman even
regarded 94000 kg as a possible upper bound (Berman, 1985).

Accepting 17 % as the upper bound for the conversion factor and
taking 1500 MJ as the lower bound for the mechanical energy
that is necessary to destroy the containment (Berman, 1986a),
reaction of 5500 kg of molten material night be sufficient for
a-mode failure.

In the summary of the Phase B of the German Risk Study
published recently (DRS B, 1989), a maximum mass of 10.000 kg
of molten corium is assumed to participate in the heat exchange
processes, and an upper bound of 10 % is assumed for the

1 conversion factor for accident conditions.
|

e,a
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An analysis of the dynamic loads the reactor pressure vessel is ,

subjected to came to the result that the highest loads occur in
the bottom region of the vessel. Neither the botton nor the
vessel head is expected to fail according to this analysis,
Although'the details of this analysis are not yet published, itc

must be concluded that the assumptions concerning both upper
bound values are arbitrary. In particular, there is no. Iexperimental evidence indicating that the conversion factor of Ia steam explosion, involving several tons of molten material,
is smaller than the conversion factor of small scale
experiments with 20 kg of material.

Furthermore, no analysis of other impacts of steam explosions
is mentioned in the summary.

Therefore, the ultimate conclusion of the susnary of DRS B, .hthat steam explosions do not represent a risk relevant accident
path, is not justified. '

,

!

'
12.5 PROBABILISTIC APPROACE

The occurrence of containment-destructive steam explosions
cannot be excluded by deterministic reasoning. Therefore, -

i probabilities have to be estimated'for PRAs. The problem is
that no experimental data base is available for steam
explosions with corium and water on a scale comparable to LWR
accident conditions. Furthermore, steam explosions in fact
cannot be regarded as statistical processes. If the "PRA demon"

,

o
l (see section 6.3.3) were asked whether for a specific reactor
|. and a certain accident sequence a steam explosion would occur,

the answer would always be an unambiguous yes or no.

To overcome-this difficulty, two methods have been employed.
One method is to try to substitute the "PRA demon" by a group
of experts. The other is to use Monte Carlo Analysis to '

investigate the effects of existing uncertainty ranges of key
parameters on deterministic calculations.

.

I 12.5.1. Emmart oninion and related aanroacham

When expert opinions are sampled, the process is divided into
several stages all of which are assumed to be necessary for
containment failure to occur: '

- A 'large' amount of melt accumulates in the core region.

- A 'large' fraction of this pours ' rapidly' into the lower
plenum, which contains a 'large' quantity of water.

- The melt mixes 'officiently' with the water to form a
premixture.

- The premixture is ' triggered' and an energetic explosion
Occurs.

...
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V - A water-fuel-struct'ure slug'is accelerated upwards in the
core barrel '

|- A missile is created from the upper head with a ' sufficient'
' velocity to propel it through the containment done. ,

(Berman, 1986a) |
1Subjective conditional probabilities are then assigned to each !

o- of these steps. It is assumed that the individual step
probabilities are independent. Thus, they are multiplied to
yield the overall probability. If only one. step-value is zero, t
the overall probability is sero as well. ;

.

Questioning of the members of the US " Steam Explosion Review
Group" (SERG) yielded values between " physically impossible" '

and 0,1 for.the overall conditional probability of containment
destructive steam explosions (SERG, 1985).

Three basic problems are connected with this approach of expert
inquiry:

(1) The reliability of the.results is.guestionable. 'i, ,

In view of the numerous mistakes and errors of experts in
L this field in the past, revealed.by subsequent experimon- '

.

,' tally gained insights, this procedure cannot be trusted
very much.

For example (Berman, 1985; Mayinger, 1982):
I
: - spontaneous steam explosions with corium were thought to
| be impossible
1

| - Spontaneous steam explosions with saturated water were
thought to'be impossible

- Premixing and fragmentation of the melt was thought to
be a necessary precondition for steam explosions to
occur -

.

- It was thought that supercritical pressures cannot be
L produced by steam explosions

( - The conversion ratio of steam explosions was thought to ;
be reduced with increasing pressure

- The theoretically possible conversion ratio was thought

(- to be 2-3% at most. !

(ii) The resulting probabilities are not to be interpreted as
event frequencies but merely as a " Degree of Belief" (DoB) of
the experts (Berman, 1987). According to Berman, it is
impossible to assign an uncertainty range smaller than the
maximum range possible (i.e. the range from zero to unity,
which is trivial) to DoBs.

(iii) obviously, the resulting probability depends on the
number of steps assumed to be necessary. Thus, with an

L

...
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.. increasing number of steps the confidence that the event will I
'

l' not occur increases. All such investigations therefore
u- introduce an artificial bias towards a lower probability;

there is no proof that the smallest possible number of'

necessary and independent variables was chosen (berman,
1987). The number of steps selected by the different SERG
members differed from three to eight (SERG, 1985). ;

,

|

12.5.2 Monta carlo Analwais
I

A more systematic approach was pursued by Swenson and Berman to ^

calculate probabilities or uncertainty ranges (Swenson, 1981; . ;

Berman, 1984;.Berman, 1987). ;

Uncertainty ranges were assumed for different parameters of the 1
,

,

low pressure core melt case, characterising the following .

issues j
'

- mass of molten material,-
1

- nass of reacting melt

- mass of reacting water - i

$ - conversion ratio from thermal to mechanical energy

- heat content of melt !
I >

V |

- distribution of nonreacting water and melt

- fallure of bottom of vessel- !

- energy dissipation by core and tank structures j
l

|" - void fraction of the slug
L

I
.

'

- fallure of vessel head

- velocity'of missiles leading to containment fallure
|

,

Monte Carlo Analyses were performed with two possible outcomes
for each rung Failure or non-failure of the containment.

The difference between the two studies is that Berman
consistently avoided any subjective assumptions about the range
of the parameters and their probability distributions. Thee
criterion for selecting assumptions was that they were based 4

Ionly on experimentally founded knowledge. Therefore, uniform
probability distributions (which are non-informative, i e., do i

.

not introduce any bias) were used for the parameters.
1

In su: unary the results of these calculations are that

" high failure probabilities are computed for l
'

substantial fractions of the physically
Irealizable parameter space. " (Berman, 1987)
l

l
l

..

4
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For lack of experimental evidence, the conditional probability !
of a steam explosion leading to early containment fallure
during a low pressure core melt accident must therefore be '

assumed to be between sero and unity.

" No method is currently capable of credibly de- !,

fending any given value of failure probability
or a narrow uncertainty range." (Berman, 1987)

(
,

i

!

!
<

9

e

in

t

i

'

*
.,

k

I '.
1

,

|'

:

|.' ;

!;

,

4

--



_ _

+ , -

;y + .
.

, . .
.

..c.. |
'

>,. : ,

s. . ,-
,

1
., - , ' .

.

,

,.. 1

. -
. . .,

,

i t
'

. f

. ' .- g ,

,1.

i.
,

'

i. (
,

'
,

.
,
;

.

j '.

1

f

,

t.

9

.

.I< p

{'
,

| .' Topics Relevant for Both Levels I and 11 ~

.
, -

L ?

1 t

>

1

9

$

h.

,

!
;

, i

1

)

t

e

h

n

P

!

i

!

- . .- _ . . _ ___. _ _ _ _ _ _ _ _ _ _ _ . . _ . . _ _ _ . . . . . . . . . . . . _ - . . . . . , . . _ _ - . . _ - . _ . . . _ . . . . . , . . . . . . . _ . , . . , _ _ _ _. . . , . _ , , , , , - . . . .,. .



. . .-.. - .-- - - - . - . . . - ..-- - - - . . - . - . - - _ ~ - . . -
,

.-

1-

4 . l I
l

. ,

7,
'

13 *w- o<n,

1

I
13.1 IIFFRODUCTION )

t

In many'PRAs, external influences are not considered at all.
When they are,.the following categories are usually considered
as most important:

earthquakes
- airplane crash;

,

'

- floods; 1

- tornadoes.(in the US); -

- fires;

- others (lightning stroke, gas cloud explosion, etc.).
. Fires are actually plant internal events, in a class by" themselves, but are customarily included in the " external !

,

events" category. !
,

Acts of war are never considered in PRAs. Nuclear power plants {are highly vulnerable to military attacks;.but there is no '

basis for reliable probability estimations.
i

Sabotage can occur from the outside as well as from the inside; *
.

O this rather special topic is treated in section 17.

External events as accident sequence initiators are
particularly difficult to deal with in PRAs. When analysing the
possible sequences, all basic problems of methodology and
component data bases fully apply. In addition, it is necessary
to investigate in which ways a particular event will apply '

loads to the plant, which probabilities are associated with
different loads, and how NPP components will react to them.

External events can yield significant contributions to SCDF. b
According to the German Risk Study, Phase B, this contribution
is about 12 4, mainly from earthquakaa.(20 % in the case with '

accident management considered (DRS B, 1989)). For 6 recent US
PRAs for PWRs, the contribution of external events is more than
10 % in every case, and,more than 60 % in three cases, again
with earthquakes.as the single most important factor (Garrick, i

~1989). In sons cases, fires contribute significantly to severe
core damage frequency (e.g., 30 % in one of the six PRAs
mentioned above, and 16 % for the TKI Unit 1 PRA (PI4, 1987)).
In the second draft of NUREG-1150 (NUREG-1150/2, 1989),
external events are considered for the Surry and Peach Bottom
plants. In both cases, the contribution of external events to
SCDF is larger than the contribution of internal events (see
figure 2.8). According to NUREG-1150/2, only earthquakes and
fires, among all external events, contribute significantly to
SCDF.

The detailed treatment of plant response to external loads, and
its translation into PRA terms, is a difficult field where
experimental investigations are expensive and computer
modelling extreaaly complicated. (This complexity probably is

181
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the reason wh
performed in y many PRAs exclude external events. Of 39 PRAs

*s

*m the US until January 1989, only 17 include
external events.), ,

,

, It is outside the scope of this study to enter this field,'

which.would' require a detailed review on its own. We will'

restrict ourselves to the question: How accurately can the
probabilities of different loads due to external events be
determined? This is.a very basic problem since the best plant 3

L
!

design based on the most elaborate research will not guarantee !I low risk if the' probability of loads higher than the limits it 1'

can withstand has been underestimated. In order to discuss thisproblem, we have selected two examples: Earthquakes and crash .:L of military aircraft. Furthermore, we will discuss a, cts of war (! in order to obtain a qualitative picture on their possible i
contribution to risk. 1

,

l' This limitation of topics treated here does not imply that
| other. categories of external events are of no importance. As

already mentioned, fire-initiated sequences emerere as important
risk contributors in many PRAs'and external and unternal !

| flooding is, in some cases, also an important contributor.
Purthermore, there are clear indications that those event|

categories are not treated adequately in PRAs. For example,
findings of the Fire Risk Scoping Study, performed by Sandia :

i National Laboratory for the U.S.NRC, indicate that f;,re PRAs do I
-

' O not normally address fire vulnerabilities in several laportant
areas, including (a) fire-induced alternate shutdown / control
room panel interactions; (b) smoke control.and manual fire-.

fighting.effactiveness; (c) adequacy of fire barriers; and |(d) seismic / fire interactions (NRC, 1989d).
L

s

13.2 SINEERY OF MAIN PROBIEW

Apart from all other methodological problems, the analyst
seeking to account for earthquakes-in a PRA is faced with the
impossible task of deriving meaningful estimates for the
probability of earthquakes (at varying magnitudes) at a given
site. The data base,is of necessity weak as the picture will be
different-for each refrion. Probabilistic site analyses usually
culminate in the triv;,al insight that earthquake probabilities
decrease with increasing magnituder and that the error margins
increase rapidly with increasing magnitude. Thus, in the rangem

of magnitudes which are most important for PRAs, i.e. from 5
(Richter scale) onwards, the bandwidth of uncertainty is large
and rapidly growing (e.g., to probably more than a factor of
100 for N=7),.

Earthquakes (and to some extent, other external events) have a
significant potential to induce further events which may
contribute to accident severity. Seismically induced fires and
floods are almost never included in PRAs.

Crash of military aircraft seems, in general, to yield a lower
contribution to SCDF than earthquakes. However, it is important
to note that probabilities can vary considerably between sites.

122
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f. ' Furthermore, if an aircraft actually hits the reactor building,*

releases must be expected to be extremel e

high since in many.

J cases the containment will be destroyed usediately and remain
open while severe core damage proceeds. Due to the rapid
development of military aircraft in recent years, guidelinesy ,'

for the. design of NPPs against aircraft crash, e.g., in the FRGdo not guarantee sufficient protection; and load assumptions in, -

' PRAs tend to be too optimistic.
(:> ,

l'
Acts'of war are never included in PRAs since it is plainly ''

impossible to give meaningful probability estimates. Yet it can
be shown that the possibility of the destruction of a nuclear ,

'

plant by conventional weapons exists, and indeed nuclear plants
have already bosn subject to military attack. Thus, there is no '

basis for the claim that the (unknown and unknowable) *

probability of such attacks is negligibly small. This is
exacerbated by the fact that NPPs are very vulnerable to iattacks; e.g., a small-scale air raid with conventional bombs,' |

' -

would be aufficient to destroy a plant and lead to catastrophic '

radioactive' releases.

A general-problem of the treatment of external events in PRAs '

is that the data bases for such events are generally weaker
than for internal events in most respects (see appendix 5A). - t

U 13.3 mar.rnanamn

,

j 13.3.1 a= 4 -i n rink of nuelame nouair niants

(contribution by Prof.Dr.Eckhard Grimmel, University of
Hamburg)

Earthquakes are waves of mostly natural origin, coming from the
earth's interior,-which are perceived at the surface as
tremors. Two measures for the strength of an earthquake are in
common uses Magnitude (M) and Intensity (I).

|- ,

. Magnitude.is calculated from instrument readings. Intensity is
| derived from the effects observed at the surface. The

I logarithmic scale for Magnitude (" Richter-Scale") has,
LL theoretically, no upper limit. The highest value measured to
L date is N=0,7.

The scale for Intensity ("MSK-Scale") has 12 steps:
.

L I registered by instruments only
'

II perceived only by very small number of people at rest
III perceived only by a few
IV perceived by many, dishes and windows clatter
V hanging objects start swinging, many sleepers awake
VI slight damage to buildings, small cracks in plaster
VII cracks in plaster, fissures in walls and chimneys
VIII large fissures in walls, parts of gables and roof '

ledges collapse
IX for some buildings, walls and roofs collapse,

landslides
.

183
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X many buildings collapse, fissures in the ground, with !

a width of up to is
XI- many fissures in the ground, landslides in mountains
XII significant changes at the earth's surface

The effects of' earthquakes of different strengths are not only *

well-known; they can be experienced again and again. Unknown,
however, are the place and time of the next strong quake,
which, within seconds, profoundly changes the environment, ;

suddenly replacing a' human being's usual feeling of superiority
by panic and fear.

Seismic measurements and the evaluation of historic records ,

show that earthquakes, although they do occur everywhere on the
globe, are more frequent and usually also more powerful in
certain regions. Thus, we talk of regions with higher or lower
" seismicity". Regarding the earthquake-restistant design of
buildings, the following complex question arises: In which
regions do we have to expect which frequency and which

L' strengths of earthquakes? -
,

|

Experts attempt to answer this question by drawing maps where
earthquakes which have been measured and which are documented
in historic records are marked according to their magnitude

t (MSK-Scale), and then lines are drawn corresponding to the same
.; magnitude (isoseismic maps, fig. 13.1).

,

*
i

Using those maps, the design of buildings is appropriately
strengthened to render them " earthquake-resistant".

|

However, the reliability of such maps is small. The time-span !

of observation, and thus the number of earthquakes observed so
far, is much too short compared to geologic dimensions, and
does not permit the determination of the rea.1 seismic risk in a
region or at a particular site.

.

It is attempted to reduce this basic shortcoming of seismic
maps by defining so-called tectonic or seismotectonic units and

I by assuming that the strongest earthquake which was ever
observed in a tectonic unit can occur again at any time and any'

place within this unit (compare, e.g., KTA 2201, 1975, 3.2(5)).

However, as there are no binding scientific criteria for
defining the boundaries of tectonic units, severa earthquakes,
which would have significantly increased the construction costs
of nuclear power plants in earthquake zones, have on occasion
been " deleted" from their tectonic unit when seismic zones were

| defined in the F.R.G. for purposes of nuclear planning.
p
| A particularly " inconvenient" earthquake in this respect is the
| quake which occured at Basle in 1356, with an authenticated

Intensity I=X, and a probable Magnitude M=6,5. Basle without.

doubt is located in the " Upper Rhine Graben", which belongs toI

| the central European " Rhine-Rift-Zone" (Illies, 1977; Illies,
| 1979; Ahorner, 1983) (figs. 13.2, 13.3).

This decisive earthquake for its tectonic unit, according to
KTA-Rule 2201, was either " overlooked" by the licensing

|
. . ,
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?. authorities and their seismologic experts, or it was removed
from its tectonic unit by manipulation. It was claimed that the,

L, geologic and tectonic characteristics of the Basle region are
such that there is a "special seismicity, differing from that
of the Rhine Rift zone", which is linked to the " contacti.

i; between Jura, Upper Rhine Graben, and Black Forest" (DRS A ~)L FB 4,' 1980, S. 45).
L

1

!! Based on this dubious finding, all nuclear power plants built )l in the Rhine-Rift-Bone were designed, at most, against
earthquakes of the Intensity I=VIII. This design is j

'
' insufficient from a geologic viewpoint ,

an intensity of VIII, ground accelerations of 1,5 - 3 m/sDuring earthquakeg with
I

occur,2 hereas for an intensity of X, accelerations of 4,5 -wr

1"
15 m/s are experienced.

|1'
,

l Finally, it should be noted that the Basle earthquake may even .!be surpassed in the future. For examp.e, in a comparable Rift- !

Zone, the Baika3-Rift in Central Asia, an earthquake with an '

intensity of X-XI and a magnitude of 7,9 occured on June 27, ;1957 (Imgatchev, 1974, p. 59)..
|

There is a possible alternative to the problematic
seismotectonic regionalisation: The probabilistic approach,
i.e., to estimate the probability of future quakes of different -

,; strengths at a given site on the basis of observed earthquakes.
However, such "probabilistic site analyses" culminate in the
trivial.. insight that the frequency of earthquakes decreases as
their strength increases. Furthermore, the accuracy of the
probabilistic forecast decreases with decreasing frequency -
thus, there is particularly high uncertainty regarding the most

idangerous earthquakes (Aborner,'1978, p. 484) (fig. 13.4).

Anyway, what.is the use of the statistical " insight" that an |

earthquake like the Basle quake is likely to occur once in
I about 1000 years (fig. 13.4), if nothing can be said about the
'

actual time and place in the Rhine-Rift-Bone? I

l
The fact that there has been no further earthquake of this

3intensity in the Rhine-Rift-Bone since 1356 certainly does not *

permit the conclusion that a repetition will not occur before i

the 24th century; and that the probability of such a quake
I today is still extremely small, constituting a negligible

" residual risk". Neither does it permit the opposite
conclusion: That after such a long period of rest, another
earthquake with an instensity of X is soon to be expected.

| The truth is, that an earthquake with an intensity of VIII or
IX or X or even XI can, in principle, occur at any time at any

I place in the Rhine-Rift-Zone - perhaps tomorrow, or in 1000 or
u more years.

This, of course, holds for every region of the globe with
seismic activity, and not only for the Rhine-Rift-Zone, which
was used here as an illustrative example. It can be concluded
that, in earthquake-prone regions, there is no residual seismic
risk, but rather a basic seismic risk, which cannot be accepted

..
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and tolerated in view of the very high radioactive releases<

.

which result when a nuclear power plant's structure and
.

'

components are destroyed by an earthquake. From this
perspective,. nuclear plants must not be operated in regions 1
where strong earthquakes occurred in the past (yet even'
avoiding.such regions altogether clearly does not lead to zero

c seismic. risk). Even a design taking into account the strongest
earthquake which was ever. observed in. a tectonic unit does not
guarantee sufficient protection against the extreme loads to
building and components experienced during a strong quake. The '

risk is even higher when nuclear plant materials are weakened
j because of ageing.
'

The predictability of seismic events is further reduced by the
. increasing scale of human activities which can trigger -

,

earthquakes. For events like the collapse of large mines or
underground nuclear tests, no parallel exists in history. ,J

.

The importance of sarthquakes is exacerbated by the fact that
| '(as mentioned in 13.1) many seismic risk studies performed
(- within PRAs indicate, taking their results at face value, a

,

-

|
high contribution of earthquakes to severe core damage

J frequenc . Those studies without doubt have helped in
| recognis ng the significance.of the problem. Their value cannot

be completely dismissed, in spite of their severe shortcomings,

L j and limitations.
|

It is- important to note that earthquakes have a particularly
significant potential to induce other events which may

' contribute to the severity of an accident, or lead to a severe
core damage accident even when the plant has withstood ths
seismic shock. Seismically induced fires have not been
systematically considered in the seismic PRA literature.

| Seismically induced floods were analysed in the PRA for the
'

U.S. plant Oconeet no other analysis of seismically induced
floods is given in the seismic PRA literature (Prassinos,
1988). '

It should also be noted that earthquake hazards (and possibly
hazards from other external events) are exacerbated by the fact
that the same event could initiate a nuclear accident and
degrade offsite emergency response capability. Such a
combination would increase public exposure to radiation. As the '

discussion of mocident consequences lies outside the scope of
this study, this point will not be pursued further here. It
implies, however, that the overall importance of external
events as a contributor to accident hasards may be larger than
would be indicated simply by their contribution to severe core
damage frequency.

Addendum: Discrenancias between recent seismic hazard studies

The second draft of NUREG-1150 (NUREG-1150/2, 1989) provides
interesting insights into the discrepancies between seismic
hazard studies, as already mentioned briefly in section 2.3.
The seismic analyses in this report make use of two data
sources on the frequency of earthquakes of various intensities
at specific plant sites (seismic " hazard curves"): The Eastern

i
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United States Seismic Hazard Characterization' Program,. funded-''

by the NRC at Lawrence Livermore National Laboratory (LLNL),.
' *'

published 1989, and the seismic Hazard Methodology for the
Central and Eastern United States Program, sponsored by the
Electric Power Research Institute (EPRI), published 1986. Both istudies'used expert panels to interpret available data. #,.

-The discrepancies between the seismic hazard curves in both
.

studies are significant. For instance, the values given for the
progabilityofanearthquakewithagroundaccelerationof6 -

m/s for the Peach Bottom site are as follows:. ,

;3: EPRI median SE-7/yr 854-fractile 6E-6/yr '
LLNL medians 5E-6/yr 854-fractile 8E-5/yr

It is noteworthy that two studies performed by two institutions,

| of renown, presumably using similar data bases and methods, !
differ by about an order of magnitude. According to NUREG-i

1150/2, the NRC staff presently considers both program resultst f

| to be equally valid, and for this reason, two sets of seismic
[ results are provided in the report.

one conclusion drawn in NUREG-1150/2 is that the distributioni

of tne seismic-induced core damage frequency is more uncertain,

' than the internal frequencies. Furthermore, in light of the,

large uncertainties, any decision making should take into ..= ?
'

account the full range of uncertainty.
L

In this section, we made the point that the-accuracy of :
I earthquake probability estimates is extremely low for high-

intensity earthquakes. This point is well illustrated by thisi
'

| addendum.
|
|

b 13.3.2 Crash of military aircraft

Average probabilitiesLfor the crash of a military aircraft in a
given country can be determined with reasonable accuracy.
Determination of site-specific probabilities, however, is
extremely difficult. The actual data base will be too small to >

allow meaningful statistical estimation. Of course, indications
as to the site-specific probability may be gained when

'
<

considering, e.g., proximity of airports and of zones where
military training and patrol flights are performed.

However, such zones can change. Also, considering the high
speed of modern military aircraft, an aircraft which has gotten
out of control can rapidly reach areas far from the original
flight zone. Furthermore, there is no guarantee that zoning
regulations are not broken deliberately or because of
navigation errors.

| The overall probability in a given country can also vary with
time; new types of aircraft may be introduced, the general!

standards of pilot's training, airplane maintenance and repair,

| might change etc.

|
'

.--
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We have selected the case of the Federal Republic of Germany !
*

for further consideration here. The FRG is a highly militarised |" front state" where many aircraf t are deployed, many flights :take place, and hunce comparatively many crashes occur per ;

square kilometer (certainly more than, e.g., in the US.). The iaverageprobabilgtyofthecrashofamilitaryaircraftonan !area of 10.000 m i the typical size of an NPP site) is 1E-6
Such.a crash does not lead to savare core damage in every c/yr.

!,

Iase;
hence, the overall contribution to SCDP is not very large. !
However, three considerations are importants

]
o It can be expected that, at some sites, the probability will I

be significantly higher (perhaps by a factor of ten). !
I

o The conditional probability of an aircraft actually hitting !

the reactor building mogo or less head-on (angle of incidence {deviating less than 45 from the vertical) is about 20 4. In ,

such cases, if the airplane is heavy and fast, the release will
be extremely high since the containment will be destroyed and
remain open while the accident proceeds further. Thus, the

| contribution of aircratt crash to accidents with early |

containment failure will be higher than to general SCD.

O cases have been reported of pilots using nuclear plants as j
landmarks for target practice (Setterlin, 1975). This would

,,

y result in a higher crash probability; however, it seems ;
impossible to quantify this effect. i

! l
i In the German Risk Study, Phase A, it is assumed that in 50 % ?

of the crashes, the airplane will be a Phantons in the other !
50 t, a piano which is not heavier or faster than a r

Starfighter. The reference plant (Biblis 3) is desigred to [
withstand even the head-on crash of a Starfighter, bu not of a !

- Phanton. Hence, DRS arrives at a frequency of 1E-6x0,2x0,5 = !

1E-7/yr for an airplane crash with ismediate containment damage !
(overall crash probability times conditional probability for !

head-on crash on reactor building times conditional probability {
of airplane being heavier and faster than a Starfighter). This !
result remained unchanged in Phase B (DRS B, 1989). By the same i
logic, the probability for airplane crash with immediate :
containment damage would be sero for newer plants (e.g., !
Brokdorf, Grohnde), since they are designed against Phantos !
crasht and about 25-7/yr for older plants like Stade or ;

Wdrgassen, which.are not even designed against Starfighter ;
crash.

.'
DRS also stated that it is not expected that military aircraft r

with significantly higher impacat loads than a Phanton will be !
deployed in the FRG in the future (DRS A 4, 1980). ;

o ,

However, reality has overtaken both plant designers and risk'
analysts. Today, roughly 50 % of the military planes deployed ,

in the FRG are F-15 and Tornado, which are both faster and
heavier than Phantons (we estimate the peak load occuring when
they crash to be at the very least 50 4 higher than for a
Phanton). It is clear that it is very difficult to predict such
a development; military planners do not have NPPs in mind when
developing and deploying aircraft. In the case of the F-15 and

,
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the Tornado, it is also interesting to note that the Tornado as,.

planned on paper by the late 70s was still considerably lighter
than the Phantos, but became heavier and heavier during the

i

development phase; and early versions of the F-15 were
comparable to the Phantos, but weight was added with every new
version (the F-15E, being in production since the beginning of
1984, is heavier by 50 4 than the Phantom) (Janes', less).

.

Another notable point is that in DRs, the effect of any weapon
load (boass, missiles, munition) is not taken into account. We
have no reliable information as to how often planes do indeed j,'

i icarry such weapons.

'iThe most interesting conclusion from this discussion is not the iincrease in risk for the reference plant of DRS, but rather j

that even for the most modern German nuclear plants, the risk I

of severe core damage with early containment fallure resulting '

from the crash of a military airplane is not sero, as claimed
officially, but in the order of 1E-7/yr or more. !

!
'

i13.3.3 Ac$a of War I
i

Protection against acts of war is not a design requirement for !nuclear power plants, although it is claimed that protective i,; measures against other external events - e.g., against airplane :
i crash - will also result in a certain limited capability to {

*

withstand military attacks. Purthermore, for obvious reasons,t
;

| acts of war are never included in PRAs It is plainly |
i impossible to assign reliable values"to the probability of :
t occurrence. There is no way to extrapolate historic evndence

for the purposes of probability estination. Global and regional Ipolitical situations, military doctrines, and military !technology keep changing continually and the general picture ;
today is very different from the picture, e.g., 25 years or 50 :
years age. For instance, it would be clearly nonsensical to tderive probabilities for the destruction of a British or German
nucisar power plant by air raid by studying the bombing
offensives in World War II. 1,

However, even if the actual risk cannot be reliably estimated, iand keeps changing rapidly, there is no justification for
assuming it to be negligible. Military attacks on nuclear ;
installations can occur, and in fact have occurred in the last
decades; the best-known example being tho' Israeli air raid on

}the reactor ostrag near Baghdad at June 7, 1981. '

;

In the case of an all-out, worldwide nuclear war, leading to
large-scale destruction, radioactive contamination, and :potentially a " nuclear winter", the problem of radioactive .

releases from nuclear power plants is more or less irrelevant.
However, the possibility of conventional wars or " limited"

!

| nuclear conflicts, involving countries with nuclear power i
| plants, exists; and the destruction of a nuclear plant can, in
| this case, significantly increase the damage by radioactive
! contamination. The assessment of the likelihood of such a
| scenario lies outside the scope of this study. .

1.

| I

..
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The vulnerability of nuclear power plants to military attacks !
is high. Conventional attacks by artillery, missiles, or bombs
can destroy the reactor building and lead to damage of the
reactor pressure vessel or to a multiple loss-of-ooolant
accident which cannot be controlled by safety systems. For
example, a 2000 pound standard-bomb of the U.S. air force can

lpenetrate 3,4 a of concrete (Gervasi, 1977). The protective iconcrete structures of NPPs are considerably thinnet; the
naminua thickness is about 2 a for sons newer West German

j
iplants. Due to the increasing accuracy of modern weapons i

systems, a small-scale attack could be suff Hient to destroy a !plant (e.g., an F16 can place conventional c.;.tbe with an
|'

accuracy of +/- lost for the Tornado IDS,- ", accuracy of +/- 3a j
,

is claimed (Richardson, 1985)).
>
!

Acts of war also have a significant potential to induce fires
iat the site.. Destruction of communication lines, roads etc. in ;

the vicinity of the power plant can also severely degrade the
.capability for emergency response. ;

I

Furthermore, indirect effects at times of war can compromise jthe safety of nuclear power plante. Even when shut down, a
nuclear power plant needs electricity for numerous systems to -

remain in a safe state. Both the electrical grid of a country, !and the long-tera supply of fuel for the emergency Diesel
|.; generators, are likely to break down sooner or later in case of
,war. A minimum number of qualified personnel must be available*

:,

| for plant supervision and maintenances supply of spare par *.s
|might become necessary. Yet, Diesel generators are not designed ;

!

for long-tera operation. Their failure rate will be high if >

operated over weeks and months, even if fuel is available (6ko,
1987).

.

Thus, even if deliberate care is taken r.ot to directly attack :

nuclear power plants during a war, and no direct attack occurs >

by mistake, there is a significant potential for accidents to
eventually occur. ,

1

'.i
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14 AG:IDENT M&MAGEMErF

o
14.1 INFRODUCTION

Traditionally, PRAs have applied rigid criteria in order to
1

determine which accident sequences lead to severe core damage. !
That is, a certain set of safety systems is required to keep
the plant safe for a particular initiating event. If not all
the needed functions are available, severe core damage is i
assumed to occur. However, a more optimistic approach is now !
being gradually introduced. It is conceived that, even in cases i
where not all required safety systems are available, the
accident can still be " managed" by improvising the use of other |
systems for safety purposes, and/or by the use of safety |
systems in a different context than originally planned. The ain ;4

of such accident management is to avoid severe core damage in
situations where the plant would otherwise have to be written '

,

| off; or at least to avoid containment fail,ure if SCD occurs. I
:

Such possibilities of " accident management" are increasingly !
given credit in PRAs, resulting in considerable reductions in ;

the frequencies of severe core damage and early containment '

fsilure. Accident management is a large fis1d which we will not ri

attempt to fully discuss here. We will restrict our treatment i,

l' to those aspects which are relevant for PRA. !
|
,

14.2 stnOERY OF MkIN PROBIBM 'i
i

Accident management places increased reliance on operator I
'

intervention. Yet, the possibilities of simulator training are ,

limited. Hence, there is a large scope for human errors - from :
simple omissions to complicated improvisations which aggravate !
the accident because the operators do not have a correct -

i

picture of the situation, or make mistakes in devising their
strategies. This potential for error is enhanced by a serious
pressure of time.in many cases which will create high stress
levels. For this reason alone, the significant reductions in
SCDF and early containment failure probability which are
claimed in PRAs most notably, in the German Risk Study, Phase
B) appear unreal stic.

Furthermore, accident management, even if performed as planned, I

| sight prove ineffective, leading from one severe accident i
isequence to another just as hasardous. It could even be

i

|~ counter-productive - e.g., an attempt to avoid Hydrogen ,

I detonation by controlled burning of Hydrogen can actually !

initiate detonation if it is implemented too late. Similar
considerations hold for containment venting.

Many questions still remain open in connection with accident t

management. Nevertheless, in the case of the German Risk Study, ,

credit is already taken for measures which cannot be
iimplemented in present-day German reactors without complicated

and expensive backfitting.

t

191
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14.3 meermaram

The field of accident management (AN) is at present developingrapidly. It is ditticult to give a precise and detailed
definition. Kersting (1988) attempt to sua up what it is all
about

"The concepts and measures aimed at preventing a core melt or
mitigating its consequences which are not explic!.tly considered
in the design are internationally known as accident management
measures. Accident management includes all measures which are
initiated in a plant to identify as early as possible
deviations from design basis sequences, to diagnose and control
them and tarainate the disturbances with minimum damage."

,

j

This gives a reasonable. picture of the idea of socident J

management. What it comes down to is using NPP systems in a way .iwhich was not originally planned, in order to prevent or
|

'

aitigate accidents; i.e. allowing for improvisation in addition i
to the lanned use of safety systems, or when safety systems
have fa led.

i
;

However, this picture is not complete. AN procedures can affect !
plant design 12 equipment has to be upgraded,.or newly '

,

| .; installed, to permit their implementation. The separation i
! between " ordinary *' safety procedures and accident management is i

'

' still more fussy in the case of new plant designs when accident .

management features may be incorporated right from the start. !
-

.

| The idea of accident management is increasingly emphasised, and !
i has been introduced into the public debate on nuclear safety in !

recent years (particularly after the Chernobyl accident). Seen
'

i from the PRA-viewpoint, accident management appears to be (,

l intended to provide the nuclear industry with a means to make
up for less-than-satisfactory PRA resultat either qualitatively i

(by pointing out that estimated SCDPs need not be taken too i
seriously, since AN will in fact help to avoid severe core -

damage in most cases), or even quantitatively by incorporating !accident management unto PRAs. ''

:

For our purposes, it is appropriate to distinguish three levels
of accident managements

|e'

- prevention of severe core damage; i
I - prevention of early containment failure should SCD occurt ,

- preservation of long-term containment integrity in case of -

sCD without early containment fsilure. !i

In recent years, accident management procedures have
increasingly been introduced into PRAs. It is claimed that this !

'

can lead to very significant decreases in SCDF and ECF
probability. An excellent example is provided by the most
recent preliminary results of the German Risk Study, Phase B.
Overall SCDF is to be reduced from 3,1E-5/yr (without AM) to e

5,4E-6/yr (with AM), by a factor of almost 6. The most decisive '

influence of accident management, however, is the reduction of *

the frequency of accidents with extremely high releases (early ;

,

t
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containment failure, or containment bypass): From 3E-5/yr i
!

without AM (i.e. , without AM almost every accident leads to
{very large releases), to SR-7/yr with AM, i.e., a reduction by i

;

a factor of 60 (Neuser, 1989). j
'

i

similar considerations apply in France. For example, it is,

;

assumed that accident management will reduce the probability of ;;

I the 5,D-sequence (a very small 14CA with coincident failure of |
| the NPI system) at least by a factor of 10 to 100 (Bars, 1985). |

Accident management is also receiving increasing attention in !
the U.S. In the draft NUREG-1150, accident management measures 1were taken into consideration when written procedures existed. !
In a detailed study on accident management prepared for the !

| U.S.NRC (NRC, 1985), event trees for accident management t

| asasures were constructed. No estimation of probabilities, {however, was performed. ,;

%Accident management implies increased reliance on operator .

intervention. Complicated procedures have to be performed, '

which are not encountered during routine operation or when !
| dealing with minor mishape. The value of simulator training is

limited, since the capacity to model complex accident dynamics ,

i

in the simulator is limited (and not all accident soquences are -

sufficiently well-understood). Thus, there is large scope for i,

human et orst not only " simple" errors of omission, but also6
*

complicated forms of counter-productive behaviour des to hasty i
improvisation, misunderstanding of the situation, etc. (compare :
section s.3.1.3.2). Of course, on the other hand, hvaan f

creativity and intuition may also lead to unforeseen responses4

' ,

which prove very effective. However, the increased reliance on '

human intervent:.on certainly implies very large error margins i
when estimating the probability of AM failure or success in a j
PRA, and hence leads to large error margins in the PRA results.d

;

In some countries at least, AM also constitutes a basic change
of trend in the development of the general " safety philosophy".

,

;In the FRG, for example, it used to be a basic principle to |
limit the necessity of operator intervention during a severe i

accident as such as possible, and render any interventions >

completely unnecessary in the first 30 minutes after accident j
initiation.

;

; The problem of human error in accident management is ;

exacerbated by the fact that the time available for the
initiation of procedures is often very short. Consider, for i
example, a transient in a PWR with failure of amargency '

feedwater supply, as treated in the German Risk Study. Without
AM, this would lead to SCD. This could be avoided by secondary |
bleed and feed, i.e., dumping steam from the secondary circuit i
and thus lowering the secondary pressure so that alternative
water supply to the steam generator can be improvised.
secondary bleed and feed, however, must begin 50 - 60 minutes i
after accident initiation in many cases. The time required to
implement this measure, on'the other hand, is about 45 - 60
minutes. Thus, decisions need to be taken immediatiely at the !

beginning of the accident sequence, and the practical ,

implementation must start within minutes.

:

, - . - -. . - _ - . - _ - . - . - - - - --- - -- - -



_ _ _ . _ . ._ ._______._____.._____.__.___.._______.s

|
1.

- :
i

'If secondary bleed and feed fails, primary bleed and feed might '

still prevent severe core damage )
'

valves and high-pressure injection (opening of pressuriser relief). If high-pressure injection :
fails, primary blood alone could at least avoid core melt at !high pressure, and reduce the danger of early containment |

failure. But again, time is a crucial factor. Furthermore, the i

operators may be faced with rather awkward decisions: In case '

of a delay in initiation of secondary bleed and feed, would it
be safer to delay primary blood and feed initiation (with the 6

risk that, when secondary bleed and feed cannot be started I
subsequently, it will be too late for primary measures); or is

;'

it better to start primary bleed (risking core melt when MPI
fails, even if secondary bleed and feed is implemented later,

|

,

if pressuriser valves cannot be closed again in time). Similar.
t

considerations apply in case of a small IACA; however, in this |
case, secondary bleed and feed alone (without NPI) cannot !prevent core molt, it can only prevent the high-pressure-path

3

(Kersting, 1984; Fischbacher, 1988). 'l
similarly, in case of the French investigations, the time
available for the operator to install short term cooling via
the steam generators in the 8 D-sequence can be as short as2
20 minutes (Bars, 1985). !

1

The high stress level in such situations will lead to a very !
,; high probability of ineffective, or even counter-productive, !

human behaviour (there is even the possibility that operators'

may overreact in a sequence which would not ordinarily lead to i

severe core damage, and aggravate it by inappropriate actions, '

thus inducing SCD).
'

A significant reduction of SCDF and early containment failure |
probability by accident management thus appears unrealistic ;

(see part 14.4 for an exemplary discussion). |

Furthermore, even if performed as intended, accident management )
asasures may not reach their ala, or even be counter- *

productive. For' example, in the German Risk Study, it is !
assumed that core melt at high primary pressure will lead to ,

high pressure melt ejection (NPNE) and BCF, whereas the " low-
pressure-patha will never lead to ECF. This is the reason why, ;

if SCD cannot be avoided at all, AM is planned to at least :
reduce primary pressure. However, as discussed in section 12, !

the low pressure sequence can be accompanied by a steam i
explosion which destroys the reactor pressure vessel and
results in BCF.

L Another measure to avoid early containment failure - the
!

| controlled burning of Hydrogen in order to avoid destructive
| detonation - can actually initiate the detonation it seeks to ;

| render impossible if performed too late. ,

1 Also, the restoration of cooling water to a core which is
| already dried-out and hot may cause a rapid Zirconium-stean
'

reaction, leading to accelerated meltdown (sholly, 1986,
p. 9-6).

|
104

- ---- _ _ _ . . . -



_ . _ _ ____ _- . . - - - - - - - - - - - - - - - - - -

!
*
.

|
1. '

containment venting to avoid late containment fallure due to {
'

overpressure, as already introduced in the FRG, France and
sweden, and serious 2.y considered by many other countries, is
also highly controversial. Due to the pressure drop, steam will
condense in the containannt. Thus, Hydrogen detonations may
become possible which otherwise could not occur because the Icontainment atmosphere is inerted by high steam concentrations. j

(This, however, is a complex issue in need of further study.) |'.
Furthermore, containment venting could actually aggravate some jaccident situations, e.g., containment venting could have made
the conssquences of the TNI-2 accident worse (NucEng, 1989a).

All in all, many questions still remain open in connection withi

accident management. one important issue is the survivability
1 of equipment needed for AM under accident conditions (NUREG-

1150 J, 1987). Furthermore, it must be noted that the results
of the German Risk study concerning the significant reduction
of accident probabilities by AM do not correspond to the actual |plant status. Backfitting measures are necessary in German PWRs '

to make possible AM to the extent which is already taken for 1

granted in the risk study. For example, in order to create
primary bleed capacity, an additional relief line with two i

'

motor driven pilot valves must be installed at the pressuriser !

to allow opening of the safety valves from the control room !

(Fischbacher, 1988). The inclusion in a PRA of measures which !,

cannot yet be perferaed is even nors misleading than the lack '*.

'

of distinction between 'as found" and 'as fixed" PRAs (see '

section 2.3). In terms of section 2.3, it creates a third !
category of PRA results: "As envisaged". .

Those findings further support the conclusions already drawn in
1986, after the Chernobyl accident, by an expert panel

,

assembled by GREENPEACE in order to assess the hasards of ,

present-day commercial power reactors: >

... these reactor types are technologically nature in the |
"

sense that they have, over the decades, more or less reached t
the limits of their potential for development and improvement, j
They are as good as they can get. (...) Further addition of ;
safety systems, or further increase of sophistication of r

systems are likely either to bring only marginal improvements, i

or to have negative returns because of the increase in ,

complexity" (Anderson, 1986). &

As far se can be seen today, accident management does not have !
the potential to invalidate this statement. '

5

14.4 DISCUSSION OF RESUTRS OF DRS, PBASE B !

We consider the accident category " plant internal transients" !

of DRS B. This category constitutes about 2/3 of SCDF without !

accident management, and is the category the frequency of which ;

is most drastically reduced by accident management. ,

According to preliminary results of DRS Phase B (Houser, 1989),
the mean value of SCDF due to transients without accident
management amounts to 2E-5/yr. For AN measures which serve to *

.

- . - . , ,..eem, v~.---..,wwm--m-..--_-_._---_---.--.--m------
- - - - . .
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I
;

:
I

avoid severe core damage, a failure probability of 0,01 is *

Iassumed. This number is given as rough assessment *, without i
a

detailed justification. There is no indication as to whether it !is supposed to be the mean or the median of the f allure
|probability distribution. Thus, with M, an SCDF contribution
|| of 2E-7/yr for transients is claimd.
j,
,

| This rough assessment appears to be unrealistically optimistic. \

!'

Using different, equally plausible, assumptions, the reduction
Iof SCDF by accident management is such less signiticant. For

instance, let us assues that ;
,

L.

-- due to the introduction of accident management options, the iSCDF contribution due to transients is increased by 10 4, to |2,25-5/yr (because the possibility for additional accident
!

i

sequences might be created); j
-- the median failure probability of accident management is !O,1, which appears to be an appropriate value for actions under !high stress; '

l

-- the variation factor K (assuming lognormal distributions) .both for the SCDF contribution due to transients, and M '

failure probability, equals 5; I

I

-- and the two random variables " severe core dange. frequency ;.,

due to transients" and "M fallure probability" are completely ;
*

correlated.
|

Our calculations show that the resulting SCDP (transients), |
with accident management, equals about 0,93-5/yr.Thus, our i
assessment yields an improvement in sCDF by a factor of 2 only. -

Overall SCDF will be reduced by a still smaller factor. i

This example is based on assumptions which are to a large i
extent arbitrary. It is not intended to give a reliable ;

estimate of the reduction of SCDF by accident management. *

Rather, its purpose is to illustrate the considerable
3uncertainty associated with estinating the influence of M on i

FRA results. !

s
i(The final results of DRs Phase B, published at a time when ;

this study was in the last phase of completion, contain only '

slight modifications of the preliminary results discossed here. ,

For the accident category considered here, the overall
|reduction of SCDF contribution by M is claimed to be by a t

factor of about 80 instead of 100. The reduction of the |contribution of the high-pressure path alone is still assumed
to be by a factor of 100. Thus, the discussion here remains !valid.) ,

t

;
>
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15 atEIracTgg PIANT DEFBCTE j

i

15.1 INTRODUCTION AND SUISUWY OF NAIN PROBIBIS

PRA analysts seek to identify failures which fall into two
classest human errors; and failures of components or
structures. In each case, the failure may be random or may
arise from some abnormal stress. A competent analyst will try
to account for natural variations in the behaviors of people, j
anterials and machines, and for factors such as equipment ,

aging. However, the analyst cannot readily account for I
unexpected human behaviors -- such as acts of sabotage -- or j
for unexpooted defects in the plant. The present discussion i

focusses on the potential for, and significance of, the latter I

problem -- unexpected plant defects. !,

I

Such unexpected detocts may arise from improper design, !
construction or maintenance, or from unexpected changes in !

material properties due to factors such as corrosion or !E

esbrittlement. However, all significant defects in this jr
'

category share two characteristics. First, they can cause |
components and structures to behave in ways not consistent with i

plant specifications and safety regulations. Second, they will I
;

not be reliably detected through routine inspections and tests.
L ,J As a result, the PRA analyst will find it ditficult -- and in
| nany cases impossible -- to identify and ascribe probabilities

to failures which might arise from unexpected plant defects.

By their very nature, these defects will tend to remain hidden
in normal circumstances. However, plant construction and I
operating experience in many countries has revealed a l
considerable number of defects which were not detected by
routine inspections and tests; and also of defects which,
although detected by tests, might well have led to severe
problems before thev were discovered. Examples of these
instances are described below. It must therefore be assumed
that there are other, so far undetected, detacts in nuclear
power plants, but there is no basis for estimating their
likelihood or significance.

Since it is impossible to review world-wide relevant plant
experience within the scope of this study, this section mostly
deals with US nuclear power plants. However, as some examples
concerning European plants illustrate, there is no basis for
assuming that US plants are unique in terms of the prevalence
of undetected defects.

15.2 EIAMPlas OF UNEEPBCTED DEFBCTS AT US NDCLEAR PIANTS

The crystal River Incident of 1986.

Crystal River Unit 3 is an 825 MWe PWR which commenced
operation in 1977. on 9 June 1986, the plant licensee
submitted to the NRC a licensee event report (LER) describing
plant defects which resulted in a potential conson mode failure

- 198 |
1
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l

|

S |

'

of a system important to safety. The defects were detectedby the plant's quality assurance (QA) and quality .;rol (QC) |
I.

program during construction, but through visible structural jdamage which became obvious after nine years of plant operation I(Hsu, 1987).

| The visible damage consisted of cracking in a concrete pedestal !
which supports discharge piping from two heat exchangers in the !

,

I nuclear service closed cycle cooling water system. j
subsequently, hairline cracking was found in support pedestals;

for two other heat exchangers in the system. Investigation
| revealed that the original analysis of piping loads had been

performed incorrectly, with the result that the supporti

1

( pedestals were not designed for the loads actually experienced.
This could have led, at any time, to a fallure which would have

1 rendered both trains of the cooling system inoperable.
Moreover, the same investigation showed that a rigid seismic,

restraint, assumed in the piping design calculations, was not
included in construction documentation and, therefore, was
never installed. Thus, even if the support pedestals had been
sufficiently strong, the piping may not have withstood an )

earthquake for which it was nominally designed. )

1

'' In this case, two separate but related defects arose at the
detailed design level and were not detected by routine |

.

i* asasures. Prior to their detection, a PRA analyst would have,

!) had no basis for assuming a failure from such defects. Yet, the '

{ defects could have caused a common mode failure rendering the !'

cooling system inoperable. such an event would have violated :
the " single failure criterion" and would be outside the plant's
design basis. ;

!
t

The NRC's Generic Investigation After the Crystal River .i

Incident f
i

In the wake of the above-mentioned incident, the NRC searched !its filer for Luts describing similar design and construction '

; defects. For reasons unknown to us, this search was confined [to LMts submitted between January 1984 and September 1986..

Yet, despite this limited scope, the search identified a total
iof 55 reports involving design and construction defects that
!

could have led to significant failures. None of these defects -

had been detected by the QA and QC programs in place during |Plant construction or modification. Nor could most of the
defects have been detected by routine tests such as pre-
operational, start-up or surveillance tests (Hau, 1987).,

The 55 reports were from 34 planter of these 55 reports, 36 i

referred to original design or construction problems, while 19 '

referred to plant modifications. Reported defects can bei

grouped into six categories: '

(i) piping stress exceeding code limits;
(ii) incorrect hardware or improper installation of hardware;
(iii) lack of fire seals for electrical cable penetrations;
(iv) electrical wiring errors;

. - - - - . . . . - - - _- - __ 2" .-- -_ .. - -



-. . - . _ - - - - . ~ . _ . - - - - - - . - . - - . - . - . - - - . - - . - - - . - - -

|

:

(v; rors in electrical, instrumentation and control* '
.

..rcuits; and

(vi) electrical and control panels not seismically supported.
In some cases, the defects can be attributed to poor

r workmanship. A particularly egregious example involved crystal
River Unit 3, in an incident d:.fferent from the one described
above. Here, many bolte supporting ductwork for the control

iroom ventilation system were found to be too short to provide
]ad unto strength or to have been cut off and their heads tack
1wel in place, to give the appearance of proper installation.
{Yet, by no means all the defects can be attributed to markedly jsubstandard workmanship. Many are typical of errors or defects

which are not unusual in construction or modification of 'I
complex systems.

i
Defects Introduced by Faulty Maintenance l

,
,

I A recent NRC report (Wegner, 1989) attempts to assess the |! probability and implications of significant maintenance i

deficiencies by reviewing operational experience reported to j!

| the NRC over the period 1985 - 1988. The report's conclusions t

include the following statementti

" Maintenance-related problems have been identified in many !,

i ,? systems and components in several operating nuclear plants. |
The type of components and systems involved, such as motor- ;

j operated valves, solenoid valves, plant air systems, and |
service water systems, point out the pervasiveness of the
problem and the potential for conson cause failures of
redundant safety equipment and systems." ;i

I +

1 In illustration of these maintenance problems, consider a case I
where a new type of grease was used on noter-operated valves.
The new grease was qualified for accident conditions, and thusi

'

its use was part of an effort to enhance plant safety. However, !
the new grease had a lower viscosity, and thus migrated to a i,

region of each valve where it inhibited the compression of a ;

spring which was needed to operate the valve clearly, this
problem had thespotential to disable many valves at the same

,

time. |
'

Defects in concrete containment Buildings ;

IAvel II PRAs usually devote considerable attention to the
'

probability that containment will fall under the stresses
encountered in core melt accidents. This is an important point
because reactor containments are not designed for core melt
conditions but for lesser, " design basis", accidents. It is i

often claimed that containments will withstand pressures
,

several times their design pressure, even though they are not
tested in this regime. The validity of such a clain will !

depend upon the accuracy of the supporting analysis and the ii

extent to which the actual containment corresponds to the
" theoretical" containment which is analysed. There is reason
to believe that there may be significant discrepancies between
" theoretical" and actual containments. Consider the case of i

>

d

son
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Fig. 1.1: Event Tree for "small-break LOCA" (DRS A, 1979)
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Table 2.2: Results of US PRAs (MHB, 1989)
)

-

n.

?
t

, i

laternal Extersal
Events Events I

4 -

Core Malt Core MenMaat Namma (FRA htaman
Eg3gggggg (per %) Freansacy(pe h)

RARCOCK & WitfOX FWRs
'

Three Mile Island 1 (1987) 4.4 x 10 1.1 x 10
d 4

.

,1
Oconee 3 (IM1) 8.0 x 10*3 NA. '

Oconee 3 (1984) 5.4 x 10'3
.

2.0 x lod

Arkansas 1 (1982) 5.0 x 10'3 NA.
.

Crystal River 3 (1981) d.

4.0 x 10 NA.
Crystal River 3 (1987)

3.7 x 10'3 NA,

Midland (1984) 42.8 x 10 3.1 x 10 5

WESTINCHOURE PWRa

| !adian Point 2(1982) d2.9 x 10 6.0 x 10 5 [
'

ladian Point 2 (1982) 7.9 x 10'3 6.1 x 10 5

Indian Point 3(1982) 43.3 x 10 1.5 x 10 5

Indian Point 3 (1982) d1.3 x 10 1.0 x 10 5

Seabrook 1 (1983) 1.7 x 10 5.8 x 10 5
d, ,

Millstone 3 (1984) 4.5 x 10'3 1.4 x 10'3
'

Sequoyah 1 (1981) 5.6 x 10'3 NA.
Sequoyah 1 (1984) 9.1 x 10 5 g3, -

Sequoyah 1 (1987) 1.0 x 10 NA.
4

Zion 1 (1981) 5.7 x 10'3 1.0 x 10 5
ns.. . o. awn s s.m 5 us
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Table 2.2 (continued)
|

l
i

,
.

lateesel Externet
Events Events *

' "N---iPRA Wa-1 Cm Melt Cm tielt.

Dgggggg(per ty) ggggggg(p g }
.

Zior.1 (1987)
' ,

1.5 x 104 NA.
Suny 1'(1975)

6.0 x 10'3
,

.

NA.1

j . Sur.y 1 (1987)
2.6 a 10'3 NA.

Haddaan Neck (1906) 1.7 x 10d 43.8 x 10
,1

cohamareTION ENGINEFRfNC TA~ns! ?
;

' Calvert Cliffs 1 (1900) 1.5 x 10'3 ' NA.

,

!

Calvert Cliffs 2 (1982)
,

d1.3 x 10 NA.
CENreAr_rrFrTagetwma t

,

p Browns Ferry * (1982) d2.0 x 10 NA.
j-

Peach Bottom (1975) 3.0 x 10'3 NA.

Peach Boston (1984) 3.6 x 10'I

.

NA.

Peach Bottom (1987) 8.2 x 104 NA.

Grand Gulf (1981) 3.6 x 10'3 NA.

Grand Gulf (1964) 8.3 x 104 NA.

Grand Gutf(1987) 2.8 x 10'3 NA.

Millstoes 1 (1983) d3.0 x 10 NA.

Milktoes 1(1985) d8.1 x 10 NA.

Limench (1981/1983) 1.5 x 10 5 9.1 x 104

Limerick (1984) 8.5 x 10'3 9.1 x 104

GESSAR D (1982) 44.3 x 10 6.0 x 10'7

GESSAR D (1985) 3A 10'3 6.7 x 10'3

Oyster Creek (1900) 4A a 10 5(gag g)

'

I
,
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'. Kr, reference value for fracture toughness
KRK i

Kernkraftwerk (nuclear power plant) Krummel, F.R.G. 1KK8 Kernkraftwerk (nuclear power plant) Stade, F.R.G.KTA Kerntechnischer Ausschu8, F.R.G.
KWU Kraftwerk Union, F.R.G.
L(J/1) likelihood-function for J given 1-
LEFM linear elastic fracture mechanics ,

'
LER licensee event report-
LIJIL Lawrence Livermore National Laboratory, U.S. tLOCA loss-of-coolant accident
IDFW loss of feedwater
IDOP loss of o.!fsite power .

'

LWR light water reactor '
M median-
NDFF aultiple dependent failure fraction
MGL multiple Greek letter

i. MSIV main steam isolation valve *
NPP nuclear power plant
NRC Nuclear Regulatory Commission, U.S.
08 ART operational safety review team
P reactor thermal power
PISC plate inspootion steering committee
POPV power-operated relief valve.
PRA probabilistic risk assessment
PSA probabilistic. safety assessment

tPSAPACK integrated PC package for PSA level I.

i' P8F performance shaping factor
PWR pressurised water reactor
QA quality assurance
T quality control
R exclusion radius
RCIC reactor. core isolation cooling iRCS reactor coolant system
RPV reactor pressure vessel
RSK- Reaktorsicherheitskommission (reactor safety

commission, F.R.G.) ,

| RT reactor trips
1 RT room temperature

'

8 design stress level
SED severe core damage
SCDF severe core damage frequency
SERG steam explosion review group
SG steam generator
SGTR steam' generator tube rupture
SI . safety injection
SKI Statens K&rnkraftinspektion (Swedish Nuclear Power

Inspectorate)
SRV safety relief valve
TTb nil-ductility transition temperature

technique for human error rate prediction
TMI Three Miles Island
TOV Technischer Oberwachungsverein, F.R.G.
VVER-440 Soviet type pressurized water reactor, 440 MWe

2,5E-4 2,5x10~4 etc.
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AEC Aton c e gy omaission, U.S.
AECB Atomic Energy Control Board, Canada :

.

AFW auxiliary feedwater )AI artificial intelligence
AM accident management
ASAR as operated. safety analysis report
ASME American Society of Mechanical Engineers
ASP accident sequence precursor .
ATNS- anticipated transient without scram
BFR binominal failure rate
BNL Brookhaven National Laboratory *

BPM basic parameter model '

BWR boiling water reactor '

CCF common base failures
CEGB Central Electricity Generating Board, U.K.
C0D crack-opening-displacement
CRT cathode ray tube
CSR containannt spray recirculation .

DBA design basis accident
.DBTT ductile-brittle transition temperature
DCH direct containment heating

(. DG diesel generator
1 ( DOB degree of believe
| DRS Deutsche Risikostudie '

| E mean or expectation value
2CF early csntainment failure

| EdF Electricits de France
EP emergency power
EPRI Electric Power Research Institute, U.S.
ERDS European Reliability Data System
F 5%-fractile$
F 954-fractile
th) probability density function of 1 without knowledge -

of J (prior distribution)
f(1/J) probability density function of 1, given the

information J (posterior distribution)
FCI fuel coolant interaction
FSAR final safety analysis report
HAZ heat affected none
HCR human cognition reliability
HEP human error probability
HPI high pressure injection
HPME high' pressure melt ejection
HPR high pressure recirculation
HPS high pressure sequence
HRA human reliability analysis

| HWR heavy water reactor
| IAEA International Atomic Energy Agency
I INPO Institute of Nuclear Power Operations

Ji crack initiation value (from elasto-plastic J-
integral theory)

| K (=K95) variation factor of lognormal distribution
| KIa stress intensity for crack arrest
p K fracture toughness (critical stress intensity)yc
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It will.be noted from table 17.1 that the NRC does not regard
+
,

any of these events as meeting its formal definition of
| sabotage, which is: " deliberate attempts to endanger public '

!' health and safety". This definition is, however, much too '

narrow. Events have occurred at.US nuclear plants which could
have initiated a core melt accident or could have been animportant part of a core melt accident sequence. In the

1

'-

context of PRA, these events must be counted an sabotage, j

Sabotage-related events at nuclear plants have also been
recorded in many other countries. Appendix 17A summarises the
events which were identified in a review performed:in 1983. ,

The list of events in Appendix 17A is incomplete and' excludes
acts of war (such as Iranian and Israeli aerial attacks on
Iraq's Tammus-1 research reactor in 1980 and 1981). It shows,

,

however, that nuclear plants have been a focus for violence or f

severe employee disaffection in many countries.
,4

some fear that the incidence of sabotage -- at least that of '

terrorist origin -- may increase. Figures 17.1 and 17.2 are
suggestive in this respect. These figures show an increasing .

trend in the number of terrorist events worldwide over the past
two decades, and a growing number of bombings of nuclear '

facilities outside the United states during the late 1970s and
early 1980s. Whether or not such indicators rise over coming

; years, they point clearly to a serious potential danger. "

i
17.3 PROSPECTS FOR REDUCING TEI'IMPORTANCE OF SABOTAGE

i In the United States and elsewhere, efforts have been made to
I reduos access to sensitive areas,by potential saboteurs -- both !
| insiders and outsiders. Also, a number of plant modifications

have been considered, with the objective of complicating a -

saboteur's task or allowing. plant operators to more readily :

recover control of the plant after a sabotage event (eg, :Andrews, 1986; Bennett, 1982; Goldman, 1982; Ichner, 1982). '
,

such asasures create their own problems. Rigorous control of
iaccess and intense.surveilletnce of sensitive areas will i

interfere with civil liberties and can reduce employee morale.
Moreover, physical measures to control access (locked doors,
etc.} can hinder the movement of plant personnel in an
emergency, potentially exacerbating the effects of an accident.
Plant modifications intended to hinder saboteurs will also
hinder maintenance procedures and some emergency response
actions. They may also create the opportunity for additional
core melt sequences, possibly including new sabotage-induced
sequences. Thus, there is no basis for believing that the
importance of sabotage can be significantly reduced.

. . .
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17.1 IIFFRODUCTION

To date, PRA analysts have not sought to account for the '

: possibility of sabotage, recognizing that it is not susceptible || to their usual analytic approach. However, some limited '

.

analysee haw won made, seeking to draw quantitative lessonss

from the reoo w of nuclear-plant-related sabotage (eg, Andrews,less). It is unlikely that such analyses will soon be
incorporated into formal PRAs, for two compelling reasons.
First, it is not credible'to predict the probability of future
sabotage events based on the historical record to date. >

second, it would be inappropriate to publish a detailed
analysis of sabotage scenarios and their likelihood of success.

.

tThus, sabotage will remain a factor which could increase the !

probability of a core melt accident, or the probability of a
large source term given a core melt, by an unknown amount. Thehistorical record of sabotage suggests that this unknown
quantity is not trivial. ,

'

17.2 TER R300RD OF NPP-REIATED SABOFAGE;
'

Table 17.1 summarises the sabotage-related events recorded by
tho'NRC for the* period 1976 through 1983. These events allinvolved nuclear facilities or materials regulated by the NRC - '

- that is, events inside the United States. Further elaboration
of these events is provided in the study from which table 17.1
is taken (Andrews, 1986):

,

"A total of 833 events have occurred during the period covered
by the study. The majority of the events have involved bomb
threats. Nine bombs =have been found outside critical areas. '

Detonations that have occurred have not damaged safety-related
equipment. Intrusions with unknown or salevolent intent haveoccurred 17 times. These acts.were judged to have the
potential to damage plant systems because the intruders were
not always caught, and because they had occupied protected and
important areas.of the plant, unobserved, for significant
amounts of time. No damage has-ever been attributed to
intruders. Vandalism has been the largest contributor to plant
damage. Damage to single and multiple systems has occurred in
plants.both under construction and in operation. Three events,

judged to be contributors to an accident initiator have
occurred. Significant events have involved the closure of r

emergency coolant valves, the repositioning of switches and
wires, damage to diesel generators and new nuclear fuel
elements, initiation of plant trips, and damage to core cooling
water piping. Arson has occurred in both protected and
important areas of operating and partially completed plants.
Damage to multiple systems has been the most likely
consequence.*

$no
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| */' reactor coolant system blowdown occurred outside primary"

containmente (Rubin, 1984). This event, aside from any
Isignificanoe it had as a potential core damage precursor, wasI
l

notable in that the discharged coolant travelled through floor
drains and (via an open drain hub in a room of the reactorl'

i building) created a harsh (hot and moist) environment which
;shut down the reactor core isolation cooling (RCIC) system.(- i

This is a classic-case of system interaction whien had, in a
! general sense, already been foreseen by the NRC and '

communicated to the plant licensee. Yet, the licensee had
. i

failed to adopt the NRC's suggested modifications. Apparentlyg

the licensee had either not understood or not cared about this
;

|

p problem.

|
Appendix 16A provides an account of two separate instances of
system interaction which occurred at Millstone Unit 2-(an 870 iNWe PWR) in January 1981. In the first instance, an operator( error initiated a sequence of events which caso very close to a-

'

t " station blackout * condition. The event sequence shows a highdegree of coupling'among nominally independent sources of
electricity supply. In the secend instance, reactor coolant |was transferred from the pressuriser to an accumulator via an|

:unexpected route -- the nitrogen systaa. This also illustratesthe possibility for unexpected linkages among systems.
! None of the above-mentioned events. led to core asit. However,they clearly illustrate the potential for unexpectedi

intera'Jtions among plant systems. PRA analysts may be alert to
the possibility of such interactions, but cannot be certain of
identifying., all potentially significant interactions. Thus,

,

the erobat111ty of fmilure of redundant, nominally indepandantt
'

safety systems.will in practice be greater than PRA analysts
will predict.

---
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continue. In May 1978, the NRC formally reduced its safety
~

*

requirements as follows (UCS, 1978)

;

the pressure safety margin was reduced from a factor'of 4 to ;
*

a' factor.of 2;
r

the requirement to consider the " largest credible* m force was . :' reduced to a requirement to consider the "most probable '

maximum" force; and
3

calculation of material strengths was permitted using " test"*

strength rather than " design" strength.
< .

.

I

Even with this waiver, substantial costs and delays in plant
.

operation arose. As an indication of those costs, the owners !,

of the never-completed Eisner i.lant estimated that
modifications to that plant's containment cost $360 million
including interest, an amount 6,5 times the original
$55 million cost of the containment. The owners sought to
recover this amount through a $400 million lawsuit against.

General Electric and the plant's architect ~ engineer (Stocklow,_
; 1984).

\ .tarantions aansa Plant Swatamm-16.2.2 a o - --. i..

The potential for unexpected interactions-can~be illustrated by'

an event which occurred at Robinson Unit 2 (a 665 L e PWR) in
| . January 1989.. In this event, a worker using an air-operated.

grinder-in the turbine building discovered blue flames issuing'

from the grinder. Elsewhere in that building, welders also,

| observed sparks igniting flames in the vicinity of an
! instrument air manifold. It was discovered that the service
'

air system had been contaminated with Hydrogen at
concentrations up to 6 4, which is in the flammable range.
Hydrogen concentrations exceeded flammable levels in the air
systems of the turbine, auxiliary and containment buildings.
Investigatien shove that the Hydrogen had been introduced into
the air system through errors made by a worker who was
performing post-maintenance testing on the plant's turbo-
generator (Baker, 1989).

-

This incident did not lead to an accident sequence at Robinson
Unit 2, which was shut down at the time. However, if Hydrogen
contamination of the air system were to occur while the plant
was operating, and if high concentrations of Hydrogen were
thereby to arise in and around safety-related components, there
would be the prospect of multiple, dependent failures following-
ignition of that Hydrogen. It cannot be expected that PRA
analysts would foresee such a scenario.

In some cases, an interaction might have been anticipated,
without that awareness leading to appropriate action. Consider
an event which occurred following a scram at Hatch Unit 2 (a
BWR) in August 1982. Here, a " sustained and uncontrolled

. ._
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Nevertheless, many BWR plants were built with Mark I and Mark,

II suppression pool containments, drawing upon these early test [.
results (NRC, 1977a). >

t,

During the'early 1970s, incidents at BWRs in West Germany, fswitzerland and the United states showed that violent !oscillations could arise in the suppression pool duringdischarge of RCS relief valves. An empirical investigation of
this phenomenon conducted at one of the Browns Ferry BWRs in
1973 had to be stopped.for fear of damaging the plant. During
the same period, General Electric undertook large-scale testing*

of their new Mark III containment concept. These tests showed
unexpected dynamic effects in the pool after a simulated IcCA,
thereby sparking a prolonged and expensive empirical and .

theoretical investigation which adressed Mark I, Mark II and i

Mark III containment designs. For Mark I containments (other .'

containment designs exhibit analogous effects), the following
sequence of events was identified as the sequel to a IDCA (NRC,

-

,

1977a) !

* expansion of a sonic wave front from the break location;
* propagation of'a compressive wave in the suppression pool;

increased pressure and temperature loading in the drywell*
tand vent system;

! ejection of a jet of water from each downconer into the*

pool; '

*
formation of an air / steam bubble at the exit of eachdownconer;

swelling of the pool surface as the air / steam bubble*
>

expands;
'

breakup of the pool surface;*

,

* " fallback" of elevated pool water, and formation of waves in
the pool surface (this phase begins 3-5 seconds after the
IDCA); and

*
|_ condensation of IDCA-generated steam over a relatively

prolonged period, with the potential for " chugging" at thei

downconer exits.
:

Analyses indicated that structural loads arising from thesei

phenomena, or from the dynamic phenomena associated with
discharge of RCS relief valves, could exceed the capabilities|

| of containments then in operation or under construction.
Containment failure could follow. As a result of thisdiscovery, substantial plant modifications were made. Despitethe modifications, the NRC was obliged to waive several
containment safety regulations so the plant operation could

a,

s
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,.L 16' UNEEPECTEp PROCESSES
)

16.1.
INTRODUCTION AND SUISEARY OF NAIN PROBLENS|-

PRAs can only address modes of plant behavior which are
expected and which are well understood. It is thereforenoteworthy that there have been several instances where
hitherto unexpected processes have been identified. Theseinstances give warning that other, so far unidentified, .

processes may be important. ,

'

one instance has been discussed elsewhere in this report. Thisinstance is the discovery of high-pressure melt ejection (HPME)
as a phenomenon which can lead to early containment fmilure. It

iis ironic that MPNI was first proposed (in the 1961 Zion PRA)i as a mechanism which would reduce the probability of '

containment failure.>

Upon empirical and theoretical'

investigation, however, HPNB was revealed as a severe threat to
'.

containment integrity.
,

3 Another. instance is discussed at greater length below. In thiscase, operating experience and empirical investigation revealed
that dynamic effects could threaten the structural integrity of.BWR suppression pool containments. This discovery was madeafter many containments had been built. Extensive ,

. modifications to plants in operation and under construction
L were necessary, even though the NRC waived several of its
, safety requirements in an attempt to accommodate the newly! discovered phenomena.

Both of these incidents involved unexpected physical phenomena.
In addition, however, the realm of unexpected processes also
includes unexpected interactions among plant systems. AlthoughPRA analysts are increasingly seeking to identify and account
for such interactions, they cannot be certain of completing
that task. In a discussion below, some instances of unexpected

,

system interaction are described, in illustration of the
problem facing the PRA analyst.

16.2 RatwneriOND
:

16.2.1 Dim ==4c Effects in "" _ 5--- =ession Pr,c,la

General Electric developed the suppression pool concept as a
means of reducing the size (and therefore, the cost) of
containment. The concept was tested during the period 1958-
1962 using full-scale segments of the pools for the Humboldt
Bay and proposed Bodega Bay BWR plants. These segments bear
little resemblance to the pool designs later used.

ons
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trip mechanism was incorrectly. reassembled; and in three cases,
, .

#

b the cause could not'be determined.

Only one of two trip channels was affected in each case.
Nevertheless, the reactor trip system is a vital safety system
and the repeated occurrence of failures at different plants is
an alarming symptom - particularly as the causes could not be
determined in every case. Complete failure of the trip systen 1

during a transient can lead to severe core damage. l

changes in maintenance, testing, and reporting procedures, and Imodifications of trip breaker coil control, were implemented as
the last two incidents occurred )counter-measures. However

Aging,those measures were,taken (NEA/ IRS 577, '!
1986). j

Moreover, faults in control rods which could affect the trip
capability were reported 1985 for another French PWR (faults

.'I

-

included signs of friction, cracks and broken welds). All
control rods were eventually replaced (NEA/ IRS 576, 1986).

Problems with control rods appear to be persistent.in French
PWRs. In spite of the fact that the probleas are well
recognized and the first counter-measures were taken several

>years ago, a new control rod incident occured April 1, 1989 at
Gravelines-4 PWR. A control rod had broken off and fallen tothe bottom of a fuel assembly, causing the control rod cluster| ,

'

to stick at the intermediate position. Analysis showed that thei
-

' ''

local wear on the control rod casing was far more severe than
had been predicted by studies. The earlier EdF criteria for,

| control rod wear were not correct (NucWeek, 1989d). '

15.4
PROSPECTS OF PRA ANALYSTS ACCOUIFFING FOR UNEEPBCTEDDEFBCTS

Some unexpected defects could be accounted for by assuming that
equipment and structures cannot withstand stresses greater than
those at which they have'been routinely tested. For example,

,

Imvel II PRA analysts could assume that containment buildings '

would not withstand internal pressures greater'than 115 percent
of design pressure (the pressure at which leak-rate tests are
conducted). Such conservative assumptions would have the
effect of increasing the estimated probability of core melt,
and the estimated probability of a large source term given a
core molt, but would at least have an objective basis.

In many -- perhaps most -- cases, the PRA analyst will have no
objective basis for assigning a failure probability. consider
the above-described case of weak piping and heat exchanger
support pedestals at Crystal River Unit 3. How could an
analyst predict that piping would collapse during normal
operation or a mild earthquake because of errors in detailed
design of apparently simple components?

nna
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would remain the problem of-predicting materials properties and
{

*

the characteristics of pre-existing cracks at.all criticalpoints of the vessel. '
*

While vessels now being built -- such as for.new PWRs in'

Britain'-- are being subjected to quite rigorous inspection, )earlier practices were less stringent.
old vessels cannot rectify this discrepancy.In-service inspection of

Problems connected to reactor pressure vessel failure are
treated further in section 9. I

|<

15.3
FURTEER EXAMPLES OF UNEEPBCTED DEFECTS

Defects of Core Enclosure Bolts at KWU PWRs
{

The core of a PWR'is surrounded by a metal structure which
guides the coolant flow. In'aost KWU-built PWRs, this structure s

is secured by bolts. The material of those bolts originally was j

partly Inconel X 750 used in places where particularly high |
operational stresses w(ere expected), partly steel (German code '

-

No. 1.4571).

From 1978 onwards, bolt defects due to stress corrosion.
cracking were found in several KWU plants. This led, in some

.

.#

cases, to fuel. rod-failures due to changes in the coolant flow. ]

Defects occured at Inconel bolts only; the number of defective
bolts'was quite significant. For example, in Biblis-(1980/81)i
48 out of 240'(Bohn, 1985); and in GEN-1 (1986) 69 out of 480(ATW, Ma
However,y 1987). The defects were found during routine tests.it is simple chance that the number of failed bolts
did not grow more rapidly during the years, and that the tests.

' were performed.sufficiently early to avoid major damage (in ,

GKH-1, where the failed bolts were found in 1986, the most i
o

!

recent tests before that had been 1981).
IFurther bolt fmilure could have led to loss of integrity of the

core enclosure, drastic changesJin the coolant flow regime, and
severe core damage due to partial overheating. 1

!
:

Those defects occured at Biblis A and B, Stade, Unterweser, and
GKN-1 (Nookarwestheim) in the F.R.G.,u

Borsselle in theNetherlands, and G6 ogen /8witzerland. It is notable that the i

severity of the problem appears to have been underestimated for
several years. At first, only defective Inconel bolts werel

,

replaced by austenitic steel bolts. Defects kept-occuring, and :
(' only in 1986

shock") a gene (possibly in connection with the "Chernobyl- )

ral replacement of all Inconal bolts was begun.
It is scheduled to be completed within the next few years(Hillrichs, 1987).

Failure of the Reactor Trip System in French PWRs

From 1980 - 1985, failures of the emergency shutdown system
were observed in 7 French PWRs during testing. Two incidents
resulted from poor contact at the shunt trip coils once an
intruded piece of metal blocked the trip sechaniss; once the i

|

...
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detectable through normal inspection methods and may not become
evident during leak-rate tests (which in the United States are

, ,
'

-conducted'at ambient temperature and 115 percent'of design
-

L pressure). Yet, they can become very significant when the .

containment is stressed well beyond its design limits.,
-

Degradation of Materials in the Reactor Coolant Systen Boundary '

4

j-
Precorvation of the integrity of the reactor coolant system
(RCS) is one of the highest priorities of. reactor safety.

-
'

possible failure modes of the RC8 boundary -- such as failureMany
of the pressure vessel -- are outside the design basis, even
though the materials in that boundary face a severe
environment. Cycles of pressure and temperature, high neutron
flux, mechanical shock and vibration, and corrosive '

environments each pose their special challenge.
;

operating experience in the 'nited states has shown that RCSU
i

boundary materials may be unexpectedly degraded by thesechallenges.i. The examples mentioned here are of defects which'

were-identified before a major failure occurred, but they :illustrate the alfficulty of predicting the nature and ilikelihood of fmilun modes.
,

First, consider the case of failures in PWR steam generator- tubes.. Such failures are potentially significant because they, , . ,

*

can cause a loss of coolant which initiates a core meltaccident, and because-they can create a direct path from the '

core region to the outside atmosphere. It is therefore
disturbing that significant tube degradation has been observed
at many plants, and tubes have failed in service. On
25 January 1982, a tube rupture occurred at the Ginna plant
(a 490 MWe PWR)-leading to a small release of radioactivity and,

|' the declaration of a site Area Emergency (NRC, 1982a). InL response to this and other events, plant licensees have paidI

increasing attention to tube degradation. However, it may be
difficult to detect the full extent of degradation through
routine inspections. For example, in April 1985 the licensee

, of Millstone Unit 2 (an 870 MWe pWR) used a new chemical|

cleaning process to remove accumulated sludge from the
secondary side of steam generator tubes. This revealed
extensive thinning of tubes, with some defects exceeding
40 percent of wall thickness. ' Yet, addy current testing
conducted prior to the chemical cleaning had predicted auch

-

i

less extensive damage (Ryan, 1985b).i

A second example is the faster-than-anticipated embrittlement
of reactor pressure vessels as a rsault of exposure to neutroni

'

flux. Current concern is greatest for older vessels which have
a high copper content of. welds in high-flux regions of the
vessel. The problem has been known for some time (eg, Marston,
1980) but has been highlighted by recognition of the,

; significant likelihood of " pressurized thermal shock" events
(eg, Phung, 1983). In such events, the vessel is subjected to
a rapid temperature transient while at high pressure. Attemptshave been made to estimate the probability of vessel failure
following hypothesized events of this kind (eg, Simonen, 1986)
but, even if such analytic methods were to be perfected, there

.
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concrete containments -- both reinforced and prestressed --
,

!.

and.elsewhere. clearlywhich are the most common containment type in the United StatesL

will depend heavily on,the care taken in its construction.the strength of a concrete containment
'

i

example, the strength of a reinforced concrete containment-
g For,

splices -- these bars are only as strong as the weakest splice. depends on the integrity of long reinforcing bars with multiple',

L Voids in concrete, which are particularly likely where'

concentrations of reinforcing steel (and stress) are high, cana substantially weaken the containment. In addition,-the
!

'
1

geometry of the actual containment may not be exactly asspecified. For exa
cylinder can occur,mple, out-of-roundness of the containmentcausing local stress intensification andL, instability. ~isuch' asymmetry could arise during cor.structiont

or subsequently due to factors such as creep distcrtion cause,d
'

by long-tera insolation on one side of the structure (Gittus,1982).
'

.Also, experience with reinforced and prestressed concrete c

L

problems with cerrosion of steel reinforcing bars and tendonsstructures in a variety of non-nuclear applications shows many(Gittus, 1982). Although this problem is recognized and i

guarded against for reactor containments,.it is impossible to
guarantee totally that corrosion has not occurred.

An NRC-sponsored review of detected defects in concrete._

?
structures at US nuclear plants shows a variety of problems, as ;

summarised in figure 15.1. Of these problems, five could -- i
not identified and corrected -- have had serious consequences.f
All five instances were related to concrete containannts and
involved two dome delaninations, voids under tendon bearing
plates, tendon anchor head failures, and a breakdown in quality

-

| control and construction management (Naus, 1986).!
,

Figure 15.2 shows the extent of done delanination identified at
Turkey Point Unit 3 (a 666 MWe PWR) during construction. Thisproblem was revealed during tensioning of tendons in the ,

containment done, when sheathing filler was observed to leak
from a crack in the dome-surface and a bulge developedelsewhere in that surface.. Extensive repairs were necessary.

In another example, two anchor heads for vertical prestressing
tendons were found fractured at Farley Unit 2 (an 829 MWe PWR)
in January 1985, and numerous tendon wires were broken near the
fractured anchor heads. This fallure was detected about
8 years after the tendons were stressed, and it is speculated
that the breakages occurred during a minor seismic event in
October 1984 (Hudgins, 1985). Further examination using
magnetic particle testing revealed cracks in 18 other anchor
heads at Farley Ur.it 2 and 6 anchor heads at Farley Unit 1
(each unit has about 100 vertical tendons). IAboratory tests
have indicated that the cause of the anchor head failures wasstress corrosion cracking, exacerbated by the presence of
moisture and impurities (Naus, 1986).

Although these defects were detected, there is no basis for
assuming that all comparable defects have benn detected.
Containment defects such as these may not always be readily

...
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Table 2.3t Comparison of core damage frequencies due to internal
initiators (from NUREG-1150 Grand Gulf, RSSMAP Grand
Gulf, and IDCOR Grand Gulf)

, . ,

Core Damane Frecuency (per reactor year)
NUREG-1150 RSSMAP 10COREvent Type Grand Gulf Grand Gulf" Grand Gulf **

Station Blackout 2.8 x 10 5 1.3 x 10 8 3;4 x 10 7
ATWS 1.8 x 10 7 5.4 x 10.a 6.7 x 10 8

.

i'.
Transients with <1 x 10.s 1.8 x 10 8 1.9 x 10 7Loss of Long-Tern
Heat Removal

:- Transients with <1 x 10.s 2.2 x 10 8 1.0 x 10 8Loss of All
Injection

L

L LOCA*** with Loss <1 x 10.s 9.9 x 10.s 1 x 10.s jof Long-Tere
Heat Removal

LOCA*** with Failure <1 x 10.s 7.7 x 10 7 1 x 10.s I
of All Injection

!

l

Total Core Damage 2.8 x 10 5 3.6 x 10 5 8.3 x 10 8Frequency
1

y *From Appendix 0, Grand Gulf RSSMAP report (Ref. 3.12).
) **From Table 5-11, IDCOR Task 21.1 Report (Ref. 3. 7).

i
,

L *** Includes stuck-open relief valves. '

.

!

!

s
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Figure 2.*I (NUREG-1150/2, 1989):
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Table 3.1: Summary of ASP findings to date (Minarick, 193g)

Trequency of events (per reactor-year)

Period With With
P (core P (core
desagg) damage)
>10- >10**

~

196 H 979 0.039 0.15
194 H 981 0.045 0.12
1984-4986 0.022 0. ! 3
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Table 7.3 *

I
.

Results of different models for unavailability [
of ArW-System (frequency per demand)

|
(Fleming, 1986); Authors' calculations for'

j
8=0.1 and.Indep. Models !

i

m as, art >Pect. >0.1 Indep, i

1.0810" 8.2*10" 1.1810** 1.H10 ' l.0810" 4.081 ;

Table 7.4 ;

Data base for Diesel Generator Case
(Hirschberg, 1985)

i

:

* 2 groups of four elesel generators (pos); ago N -mits
:

0 * fue operatlag years for and m ;

* fest interval f a 2 weeks e 3M 61 all four DQs were star- !
ted simultanesesly when tested -

'
;

e tell destnes: 0.5 per operating year and M group
,

* N00 tests of M-groups, W real demands (M2 N-groep !
'

starts, whlet correspons to 10000 N-unit starts

* 256 single failures (246 at tests, 10 at osanads) {
* 31 double failures (29 at tests and 2 at densads), hereof i.

13ladependentand18(CFs .

'

* 3 triple failures (3 at tests and 0 at demands), whereof
ese correspeeds to 3 ladspendent slagle failures, one is a

!oesbinaties of a double ccr ud u independsat failure,and
eneisatripleCW -

* so quadruple failures f

.

i

r

|

t
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Table 7.5
:
P

Results of different models for Diesel Generator Case t

(frequency per demand) j
(Hirschberg, 1985); Authors' calculations for MGL-FL Model ;

!

!

MfA*' ilGL" 6-Feet BFR lttf E-FL"'
t
i

2of4 4 1.32*10** 1.28*10 8 8.22*108 7.50810" 2.63 ego-. g,34 10**
|

3 of 4 8' 1.518104 1.26e10" 3.85810** 3.66*10** 2.44810** 5.74*10 " !
,

i

4of4 3.77810** 3.99810** 3.45*10" 6.66*10** 9.94e10-* 3,5$e10" !

?
> - . . .. . u . .. . i . . . n .
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!..,.,.n.,...,._- =.

.
|I

t

h

I
r

I

, 4

*

!.
,

l

*

y

: .

I !

.

!

!

!
,

1
i.

i t

|
1

|

|
,

1

. - .. . .. . - - - _.
- _ -- .- Ii



__.. _ . . _ _ _ _ . ___

. ,

T? 26

'Table 7.6

Effect of Data Screening on Data base I
(Hennings, 1985)

|
|
i

% pWP8
.

failureof ausdner of coated fre
plast'quency Mrsoperatinghourcoepseests evesta

notfat,t fic 2 of 4 5 1. *10-*Harshal A 3 4 0 1,tio-,
4 4 1 4.8810**

fault ific 2 of 4 0 1.6810-' iHersha 4-Rodel 3 of 4 0 1.5810-' i4of4 0 2.0810-' l

l
-

i
noteroperatedValves |

I

failureof amberofopeted frequency
plast'soperahhour -

$ 08'Pseests events

1:!.!!th!!!:-ille'!"'' !.:f 4fi 2; g:ip i

4 0 1.2810..
.

!fault tree,ppeciflet 2of4 11 6.0*10-' :
Ratshal141113-Rodel 3 of 4 0 4.8810-* |4 of 4 0 1.2810-* *

r

?

:

.

i

' |

l ,

l i

! i
,

|

|
'
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Flmira 7.1
;

common cause Contributions according to NUREG-1150 f
for different plants i
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F1 mire 7.2 :

I

Simplified schematic of major components
of the example AFW-System j

(Fleming, 1986)
;

i

I
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;i' Fierura 7.3 i

Reliability block diagram of example
AFW-System (Fleming, 1986) -
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Fimire 7. 4.

Results of Diesel Generator Case for different Models

10 * A
i

I
.

ante ast4 este '

Oesta Gm ntne 36tte reten 3pa ntnap 3ott nrms 3m n

WFL: Raltiple Greek letter accordlag to layesian Procedure et (floalag 66) ;
i

;
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Flerura 7.5 i
.q i

General common cause fault subtree for Component A j
in a common cause group of N components

,

(Fleming, 1986) ;
'

t
]

R48v Of
fautitAtt t

i
|

_ y ;

9 Aitutt OF
COesp0est wt

A

.

T
I

.
' co u., , , .

f Attuas OF APE N06 wf
7 AILuet

Of A (

A
7
3

-

1 I l1 1 lII_

- cAuss coenson cAuss opensomeAuss a
iwActs two iwaerstness ... sesrActs: . ..

,,m.c,,u,seu
cowo= ewes cowoments cowomewes tt

NN
waves

N N b
=#.i' sic (";';~., (~;') (,"c,' ) ("::)..
EVINTS

Fiernre 7.6

Results of different teams for unavailability of
AFW-System of a German PWR
(Poucet, 1987)
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Taste 3.1 (R5bke, 1973): Error sources of general working aceitents ,

!

|*(1) .

50 % - unsufficient attention
| *(2) 30 % - violation of safety rules (intenc ronal); 15 % - violation of safety rules (un untentional)

|
|

| 9 % - overloading of phs fological funce tons '

| 8%- lack of skill
| *(3) $ % - uncontrolled reactions to sudden inctcents|*(4) 34- lack of communication '

. re,e.en,rer nuser ,e e e,enee le

(t) en se nortne ene eenetwo wornene coneettene
(2) - reen enereeerne eettversen ser se sue to eeneste encrosse er .apee, sainneee er ees,re

|to enew err

a) - the use seen er enreseen se to ruer to evenen enessente !t*> - seen eers one eseemenerm se enenere s on sne centros roen
y

i Nota- muitiple reasons are 9036ible
1

>

I
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|
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i: |
tale s.24 me of te ete fet seen peeseenea ceio,et, I

t

:
poteeeeen totes e,Peteeensi.- I

Shif t Supetoteet
13 t

Shif t feehose64 Adotoot t ;
toester spetotee llM ,

6estitory opetetet
6

;

sloteseesees tapeheete 111 i
144 9eekstelee 191

e

kSeeLeeeto 3
!Seettoeeof Petoenne1 4

Plast sannogeeees * '

'total 1916

!

i

l

:
,

j

Table 4.3t
.

) suebot of tesorde for Beeb keldest littelles t
;

i

l
tetels bt |Siteettee keldoet siteettee '

-
,

Laos of Cooleet aseteest (LetA) 693 [
LOCA eith eehet treestees 4

'
,

i $tettee 91schest to i
iees of Df f *ette Power (L0tt) 73 i
togteded Poeot Conettlees 60 (antletpeted trenstent e/o Setee 13
eeeetet felp 33
tuttine ftte it

'i

teos of Peedvetet 24 iSteoe Generatet foto tisplete 54
state Stese feel. e lse Closure 6e
Weeloseified* !!6 }

*Desed se inf oreettee in PRA. these eteldeste coste nott

t

to eloostiled ender other estegottee.
|

I
e

f

!

Table s.dt Rebet of Aseerde for toch klton '

'
|

| *

Acttone fetale bt attsee

Teettag 269
eestettes 9M
Ilmettettog 76
!sepeett#6 63

*

CheetIas t3
Deeldig $3

Itsmeeino 3

Csasseie e e 1og 19 y

Cottbeetles 182
toepeedl*4 28

| tietetstetes 229
'' 7tPTAL8 1976

I
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f
- 0 8 0'I8_ ember of Steiene

!
,

p i

8t'lete totel pp g,,se,~ 5

;

Mt
we ~ie ,: ,

m .si <0.>
sanitie ,,, ,

, ';
senesee,si mioiein.iio.

'n
on e e= nee <scesi nem** ,

tagi.eemet.re.n <ersme""" g 3.ges, p,i,,,,n ggggg g
s, i

eeti , ;
'nsrate Preiwisee <r !

aa n t a see e.,ese,u,,, n.e, 3, ;ete.

e-..teie.r%. is. <e..,- ::
.

>

i
8'**"

,, ;

u |

i

.

.i '

' Reference for tables 8.2 - 8.5: Ryant 1985a. !.,

!

,

Table 8.6: " Rule of thr.a.t" for' basic error quantification
(Pope, 1986)

.

t

I

closenfication of error tvme troleet etter

Prtte>&lity '

Processes &nvolving treet&ve thinking. [
unianalter opetetione, where time le 0 1 * 1.0 !

'ohort. h&gh estese

I

'
tirote of onesenen where dependence le 0.01
on entwetton twee and comery I

tttors of connaselon such as opeteting 0 001 !

wrong button. **eding wrong dial etc. f
>

ttress an requietly performed. eenmenplace 0 0001
*

tests

tatteordanety errors for which at le dif ficult 0.00001
to conceave how they might occutt ettees free.

wath powe rf ul cues.
4

6

6

I
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TEI S.7 (Hannemen,1995e): Desirebb features for a HRA model j
''

:

i
include quantification of crew success !e

probability as a function of time. !

* consider different types of cognitive :
processing, l.o., skill, rule and knowledge j

1

* Identify relationship of the model to factors
influencing the non-success probability, such -

as J
- plant design features affecting man-machine i
interface ii

- operator training and experience levels {
- operator stress t

- misdiagnosis !
'- recovery

- system time window for action i
t

9 + be comparable to the highest degree possible |
with existing data from plant experience, i

simulator data or expert judgement j
:

* be simple to implement /use ,

* help generate insights and undert,tanding about
the potential for operators to cope with the !
situations identlflod in PRA studles

i
'

* be compatible with and complement current PRA J
analyele techniques i

* be scrutable, verifiable and repeatable

.

I

t

>

1

i

o

t

>

|
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;, Table li centinued
|

United Stam (continued)
6. Dec. 3,1979 Two valves verified open at Sam, with switches

Quad City Reactors, separated by six feet, were discovered closed
!

,

l- IL (operational 1972) at midnight. It was inferred that the ?
L mispositionings resulted from a deliberate

act by knowledoeable p1snt employee (s).
,

i

L 7. Feb.1980 During an investigation of several unexplained ,

Browns Ferry reactor trips, in which intentional;

i
Reactor. Al malfeasance was subpected 8 employees were i

j (operational) suspended. The wife of one later appeared at ;
i the site asking to see the plant supervisor; +

a routine search discovered that she was !carrying a pistol and a knife.
;

;i !
8. Sept.10,1980 Following a reactor trip and initiation of j

Salem Reactor, NJ auxiliary feedwater flow, an at onymove caller
(operational 1977)' warned of problems with a tank that adds I

,

necessary chemicals to auxiliary feedwater. ;

The tank was discovered to be contaminated !with sodium (500 ppm) and chloride (1000ppe).
,.

Sabotage considered probable. !
;

9. June 6,1981 A manual valve on the High Head Safety
Beaver Valley 1 Injection (HMSI) pumps' conson Suction line :Reactor, PA was found shut at 1 am and immediately ~

(cperational 1977) reooened. The valve had beeii verified open 8 i

hott- earlier. The chain al.d padlock that :

nor...aly secured the valve in the open :
position could not be found. On the morning i

of June 5 steiler locks and chains were -

discovered missing from 3 auxiliary feedwater !
pumps' manual suction isolation valves,
although these valves were in their proper
positions. According to the Nuclear

,

*

Regulatory Commission (NRC) these events
constituted "a major degradation of essential
safety related equipment designed to ,

mitt gate the consequenr;e: of a major ;

occurrence such as a loss of coolant $

accident." An NRC source said that whoever
closed the valve " knew exactly v$ere to go
and what to do."

.

E
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Table I , continued.

United States (continued)
{

'
10. Aug.18,1981 Two diesel generators found inoperable due to

Nine Mile Point 1 intentional tampering. The NRC judged that :Reactor, NY . this constituted major degradation of the |
'

.

.(operational 1969) on site back-up power supply, but not a major ireduction in the protection of public j
sa fety . ?

.

11. Dec.1,1981 Handful of metal ' filings found in the.SCPAM
Perry Reactor, OH discharge volume piping during the initial

'(70s compiete) system check-out.

12. May 14,1982 During a shutdown period,12 in-core neutron. :
Brunswick 2 Reactor, detector tube guides were found to be bent. <*

NJ (operational
P 1975) '

A deliberate act is suspected. In the event 1,

of an overpower transient or analogous ,

occurrence, this would have represented "a
'major degradation of essential safety-related

equipment...had the condition not been '

detected prior to start-up of the unit",

'

(NRC). '

13. 1982 On May 28 a steam generator feedwater pump
Salem Reactors NJ tripped while the plant was operating at 100%
(operational 1977 power. An isolation valve and a vent valve '

and 1981) were found mispositioned. The utility >

concluded these were deliberate acts to trip
,

the plant. Labor union contract negotiations|

were in progress. Aug. 9 and 16, and Sept. .

3: On these dates various incidents occurred
in which intentional malfeasance was ,

suspected. It was eventually judged that one
incident probably represented an accident, |
while the other two may have resulted from-

deliberate acts. In no instance, according
to the NRC, was there a major reduction in >

the degree of protection of public safety.

14. Nov.18,1982 During refueling a cupful of metal chips, 2
Maine Yankee bolts and 2 nuts were discovered inside the
Reactor oil reservoir of a lube oil pump for the

L (operational 1972) No. I Reactor Coolant Pump. No debris had
been detected during an inspection two days
earlier

r
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Table X Miscellaneous Events at Nuclear Power Reactor Sites,
including Sabotage Threats, Indications of Security Lapses, )and Indications of Tactical or Technical Sophistication on
the Part of Antinuclear Activists or Potential Saboteurs ]

'

(List is incomplete) !

!
Canada I

1. June 2,1979 While other demonstrators penetrated the
Darlington Reactors modestly. guarded construction site by

-

'
. (under construction) tunneling under or climbing over the fence, 5'

members of Greenpeace dramatized their '

opposition to nuclear power by parachuting
onto the site.

,'

1Federal Republic of Germany,

i1

I . 2. June 1975 As a demonstration of lax security, a German
Biblis A Reactor politician carried a Panzer-faust bazooka(operational March past guards and detectors and presented' the

,

1975) weapon to the plant's director. !
I'

(

Italy

3. There has been a report of a terrorist group
(Red Brigade) doctment urging attacks on
Italian nuclear power plants to exploit
antinuclear sentiments.

,

United Kingdos

4. 1966-1975 23 threats and hoaxes received by staff. :Facilities of (Does not include threats to I:uclear ststionsBritish Nuclear run by the Central Electricity Generating
Fuels Ltd. and U.K. soard) .
Atomic Energy
Authority

S. 1972 and 7 Scottish nationalists threatened on several
occasions to sabotage an Engiish nuclear
power station.

,

.

>
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' Table' IE, continued I

.|J
p j

L . United Kingdom (continued)

l6. July'1980 20 members of the Bath Antinuclear Group i,

halted a train isrrying radioactive waste l
from Gloucester7harpness for burial at sea. I
The protestors stopped the train by standing i

: on a ten-foot h affolding that they had
e,ec M stfoss th dawn. 7 protestors
arrested, and police called in heavy

,machinery to clear the track. j
e i

'

'

United States
[. 2

7. 1977-June 1982 During this period a total of 131 persons were i

D United States reported fired from their jobs at nuclear.

! P power plant sites, or denied future access to
! the sites, owing to possession, consumption,

or sale of marijuana or other drugs. Several
'

..

examples: .

(a) On Nov. 8,1979 at.the operating Trojan ;

nuclear plant in Oregon,13 persons were
arrested or fired as a result of an I

investigation into alleged use and dealing of ;

marijuana and amphetamines. Of the 13, 8 '

were guards, 2 were fomer guards, and one
' had been a watchman.

(b) On Dec. 9,1981 at the operating Surry
' reactors in Virginia,18 security personnel

resigned or were fired for using marijuana !

off-site or reporting to work under its )'- influence. ,

L (c) On Feb. 4,1982 at the Shearon Harris I
nuclear plants under construction in North
Carolina, a quality assurance weld inspector )
was fired due-to drug use. Weld defects were
found in seismic hangers that he had
inspected.

..

(d) on Feb. 5,1982 at the coerating Zion
,

reactors in Illinois, a security force I.o

supervisor and a security force training j
coordinetor were suspended owing to
indications of drug and/or alcohol use both
on and off site.

l
| -

p
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' Table R, continued

.

'

'

United States (continued) !

(e) On Feb.11,1982 at the operating Turkey'

Point reactors in Florida, seven security
officers, three workers and 'one

'

concessionaire were denied future access to
the' site as a. result of an investigation into
illegal drue use. :

,

8. 1976-June 30,19P2 During this period there were more than 360 f
United States bomb threats received at reactors (operating ;

or under construction).

9. ~ Aoril 19,1977 An NRC inspector who was not recognized gained
Fort St. Vrain access to the vital areas of the plant 'i

E Reactor, C0 without a security challenge.
| (operational 1979) ;.

,,
,

10. Jan.1978' Two NRC inspectors entered the reactor |,

Dow TRIGA Reactot. Pilding through an unlocked rear door and
MI

'

p 0ceeded through the control room into the
1

reactor room. The inspectors had neither '

registered with the building receptionist nor '

were they badged as visitors. Their presence
was not challenged although they had been -

seen by at least five persons.

4 4

11. July 22, 1979 An exit searth of a suitcase carried by a
Salem Reactors, NJ contract employee who had been on site for
(1 unit operational; eleven and one-half hours was found to
1 under construc- contain a loaded .357 magnum revolver.
tion)

12. 1980 A connuniqui was received by a newspaper in
Bogota, Columbia stating that armed action
would be taken in the United States if any
military action were taken to end the
occupation of the Dominican Embassy in

i

| Bogota, then under terrorist siege. The
| announcement was issued jointly by the

Columbian 19 April Movement, the Dominican 14i.
June Movement, and the Armed Forces for the

iLiberation of Puerto Rico. The communiqu6
said: "You must remember, U.S. gentlemen,'

that you have never experienced war in your
vitals and that you have many nuclear
reactors . "

u-__ ____ - _ _ _ _ _ - _ . _ . _ _ . - . - - . - - - - . . _ . . - . - - . . . -
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Table L - continued
>

t

United States (continued) !
,

'

' 13. May 1980,
. )

' Seabrook Reactor, During attempted occupation of the site, ' statetroopers, Nationa !
NH (under con- Mace, pepper gas,l Guardsmen and police used '

clubs and water hoses tostruction)- repel an estimated 1800 antinuclear
demonstrators. !

14. Sept. 3,1980 j,'
St. Lucie Reactor, A news reporter with a camera gained

unauthorized access to the nuclear plant j
FL (operational 1976)

control room during an amergency drill, i
i
e
(15. Sept.1981

.
Diablo Canyon The Abalone Alliance staged a two week long

.

5-
'

anti-nuclear demonstration at the plant
' '

L Reactor, CA ,

ite.
(completed but not More than 1800 demonstrators, who weres

attempting to prevent workers from enteringp yet operating)
the site to load fuel into the reactor, werearrested.

o 16. Dec. 9,1981,

Two security officers discovered sleeping atfonticello Reactor. their gatehouse posts, 6am.
| MI (operational 1971)
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