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PREFACE:

This report was prepared for GREENPEACE International. The work was started in
October 1988, and concluded in June 1789, 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.

The main body of the repart consists of 17 sections, addressing the most important
problems of PRA. The sections are grouped into § narts: An introductory part; topics
concerning level | of PRA (events leading to core damage), topic. concerning level II of
PRA (containment behaviour); topics relevant for both level I and II; and topics concerning
«hat we have called the “real world"- level. :

Each section consists of introduction and sumir  ry of main problems, followed by a
detailed background discussion.

Overall responsibility for the content of this report rests with the four authors.

The authors would like to express their gratitude 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 compietion of the report. In particular, we wish to thank Lutz
Gairtner, Hannover; [ othar Hahn, Wiesbaden; Patricia Huntington, Cambridge/Mass.;
Bjorn Kjelistrom, Trosa; John Large, London; Steve Sholly, San Jose/Ca.; the Commissariat
I'Energie Atomique, Institut de Protection et de SuretéNucléaire, Fontenay- aux-Roses;
the Groupement des Scientifiques pour I'Information sur I'Energie Nuclaire, Orsay; and
the International Atomic Energy Agency, Division of Nuclear Safety, Vienna.

Helmut Hirsch
Hannover, June 10, 1989
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SUMMARY AND
CONCLUSIONS :

Nuclear power plants represev: & considerable hazard. They have the
potential for accidents leading 10 \arge 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 "probabilistic risk assessment” (PRA) was developed. In PRAs, it
is artempted to determine the probability of severe reactor accidents with the
aid of complex mathematical and phenomenological models. (In so-called
“full-scope” PRAs, accident consequences are also assessec, and the overall
"risk” is determined, accounting for both probabilities and consequences.
Those steps lie outside the scope of this study.)

Probabilistic risk assessment is used quite extensively in many countries
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 become even greater.

In the wake of the Chernoby! accident, the International Atomic Energy
Agency (IAEA) formulated safety targets for nuclear power plants. The
probability of an accident with severe core damage is to be beiow 10™*
(1:10.000) per plant operating ycar. The probability of large, early releases is
required to be lower by a fuctor of at ieast ten. This applies to present-day
plants. For future plants, improved targets should be achieved.

LAEA claims that, at present, the targets are already met in those cases where
‘well-n aged circumstances” prevail. According to the IAEA, PRA studies
perforised in different countries yield results which are consisten with LAEA
safety targets.

The 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 fulfilled.
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JALA Safety Targets and Probabilistic Risk Assessmeat

It is interesting 10 note that, even if results of PRAs performed so far are
accepted uncritically, they do not altogether display the consistency with
LAEA targets that is claimed. For example, ebout two-thirds of the PRAs
performed so far 1a the U.S. which take both internal and external events into
consideration as accident initiators result in severe core damage frequency
above 10“Ar.

It is also important to recognize 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,
$0 as 1o 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 fixed" 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
perceptions wheu results of a limited number of PRAs are used to draw
industry-wide 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 8 higher "as found" core damage probability, rather
than the lower “as fixed" core damage probability which might be inferred

from published PRAs.

However, there is a more basic question related to PRA: Are probabilistic
safety targets at all useful for policy purposes? More precisely: Can PRAs
give reliable estimates for severe core damage frequency, and the probability
of early containment failure (leading to particularly large releases)? It is the
purpose of this study to analyse the underlying assumptions, the methodology
and the results of probabilistic risk assessment in order to identify its merits
and shortcomings.

Data Base

PRASs rely on input data such as the frequencies of accident initiating events,
or componer: failure rates. Their firit problem is the lack of fully adequate
data bases. There are no clear-cut criteria as 10 how the basic data are to be
determined, and there is no uniform practice of documentation. A large
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—AEA Safety Targets and Prodaball. tic Risk Assessment

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

The arbitrariness in deta base selection can, in principle, be reduced by using
plant-specific data. However, this is not possible in practice; the use of
generic data cannot be avoided. Furthermore, even insofar as plant-specific
data are available, they must be collected first. The plant must have operated
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
finished at a time when the plant is already #1tering the latter part of its
operating life - whether targets are met or not, is thus more or less decided a
posteriori!

Basic questions of

Methodolcgy

The first methodological probiem of a PRA is that its compleieness can never
be guaranteed. Due to the complexity of the system under study, possible
accident initiators or accident sequences are bound to be overlooked, or
underestimated in their severity. Inc.ed, there are severe omissions even in

recent major PRAs, demons‘rating the persistence of this problem.

Another major problem is the uncertainty of the results. All input valucs of a
PRA are random variables. In order to estimate the failure probabilities of
complex safety systems, those input variables are combined with the aid of
complex logical structures (so-called “fault trees"). Their uncertainty margizs
propagate through the analysis of those fauit trees. Hence, the results - severe
core damage frequency, and other probability statements - are also random
variables heset with a considerable bandwidth of uncertainty.

Thus, it is not appropriate to only consider the sxpectation value (mean
value) of severe core damage frequency when checking whether safety targets
are met. Even with the mean value well below 1074, the probability that the
unknown "true” value is higher than lO"/yr can still be considerable. A
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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 bardly a
PRA performed so far wiiose results conform 1o the LAEA safety targets. The
LAEA does not comment on this problem and gives no hint as to which
yardstick they consider appropriate.

This problem is exacerbated by the fact that uncertainty bandwidths of input
variables are often underestimated in PRAs. Thus, the results are more
uncertain than claimed. The baudwidth 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).

La addition to this, and worse still, correlation beiween variables also leads to
an increase in the expectation value (the mean) of severe core damage
frequency. Nevertheless, this problem is usually ignored in PRAs; no
correlation is assumed for computational convenience. It can be shown that
high correlation leads to such large error margins as to render the results of
PRAs practically meaningless, uniess the error margins of the input variables
are small indeed.

Dependent Fallures

Dependent failures occur when several componeants fail simultaneously or
consecutively, due to a common influence. Dependent failures play a major
role in NPPy, as in all complex sysiems with several parallel trains serving the
same purpose. For some important safety systems, they are indeed the
dominant failure 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.
Usually, the treatment of dependect failure in PRAs is not complete, even in
major recent studies.

The database for dependent failures is particularty smail. This can lead to
extremely large uncertainty of results. The data base is further reduced by the
necessity of data screening, to accoun? for design differences which may
render particular data inapplicable to a plant under study.
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IAEA Safety Targets and Probabalistic Risk Assessmest

Rather substantial dependent failure ra.es can often be found in the
literature, emphasizing the important role of depeadent failures. In some
cases, on the other hand, very low values for dependent failure rates are

. derived. These values, however, cannot be regarded as reliable.

Dependencies between failure rates and initiating 2vents are not sufficiently
allowed for in PRAs. This results in an und- 1ation of system failure
probabilities, since, for example, failure rates a1 real demands may be higher
than for test dewmands.

Furthermore, no procedure or model is available that is well-established and
capable of yielding reliable and reproducibie results with a well-defined and
sufficiently narrow uncertainty range. The study of the same system by
different teams of analysts can lead to results differing by several orders of
magnitude.

This is yet another reason why PRA results are beset with high uncertainties.
The severe core damage frequercy as currently estimated is likely to be too
low because of incomplete consideration of dependent failures alone, even if

all other problems are disregarded.

The Human Factor

In PRAs, only the most simple kind of human error (errors of omission) is
taken into consideration. Even 0, the contribution (0 severe core damage
frequency is high (in some studies, over 50%). The probleins associated with
human error are: That there are many differvat kinds of human ervors; that
buman error probability is particularly high in times of stress; the estimation
of this probability is beset with many uncertainiies; human error is an
important potential cause for dependent failures; and diffesent errors can be
highly correlated.

Apart from "simple" errors of omission, there are many possible error modes:
Errors in design, construction, fabrication, and maintenance; actions against
safety rules; errors due to wrong interpretations of plant status; erroneous
actions at critical points; errors of management and administration etc. PRAs
attempt to include simple, or routine, human errors. Complex and gross
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human errors - like those which occurred at Chernobyl, or those at the
management level - cannot be included in PRAs.

The basic psychological problem is that, as measured according to simple,
day-to-day experience, severe accidents have relatively low probability. Thus,

the operating personnel have no acute feeling of danger, and Jdo not. at heart,
take the hazards seriously.

[n a rypical accident situation, the operators are required, after a long quiet
period where the plant ran sutomatically, to react immediately, efficiently,
and without error. There is a sudden change from a situation with a very low
stress level, to extremely high stress. Laige masses of data will suddenly pour
in, and operators usually have no practical experience in dealing with such
events.

Risk analysts have put considerable efforts into modelling and quantifying
human behaviour. Yet the models remain far too simple and the data base for
quantification too unreliable. Notably, since severe accidents are rare events,
data usually are obtained from simulator exercises or expert estimations.
Thess data do not reflect the psychological mechanisms relevant to actual
accidents. Also, for purposes of PRA quantification, a subset of relevant
human actions is modelled, while actior. sequences that are mere complex
and therefore difficult to model are neglected. Unfortunately, it lies in the
character of those more complicated action sequences that they produce the
most surprising and thus tmost dangerous effects. Among other events,
voluntary violations of safety rules can never be quantified. Such violations
can occur in many ways, :ad very different motives can lead to them.

Increasing sutomatior and reliance on computers provides no way out, since
it leads into the wide and dangerous ficld of software errors. Software errors
are a special category of complex human errors and are correspondingly
difficult to assess quantitatively.

Reactor Pressure Vessel
Failure

Reactor pressure vessel failure constitutes a special case amongst all intemal
accident initiating events: If the vessel fails, it is unlicely that safety systems
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will prevent severe core damage. Thus, pressure vessel feilure is a whole
accident sequence it itself. Even without further system failures, it is likely to
lead to a severe accident. It can even be coupled with early containment
failure.

In all PRAs known to the authors, the probability of pressure vessel failure is
assumed 10 be so low (mostly below 10°/yr) that it gives no significant
contribution to risk.

A different picture emerges if the problem is analysed taking into account
experience with non-nuclear vessels, e eriments and tests with reactor
materials, and theoretical calculations in fracture mechanics. A failure rate
which is lower than 10-5/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
early containment failure cannot be disregarded, particularly for nuclear
power plants with small containment types.

Containment Behaviour

(level II of PRAs)

Accident sequences involving early failure of the containment typically lead
to very high releases of radioactivity (although late containment failure can
also lead o a significant release). Hence, the most imp-rtant issue by far in
ievel I of a PRA is to identify possible modes of early containment failure,
and to assess their probability.

Potential failure mechanisms for early containment failure include:

» Reactor pressure vessel failure with subsequent missile induced
containment damage

o Containment bypass

o High pressure meit ejection (HPME)

o Containment melt-through

o Hydrogen deflagration and detonation

o Steam explosions

¢ Certain external events.

Reactor pressure vessel failures and external events are considered elsewhere.
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Tw' major possibilities for containment bypass are sieam generator tube
rupture (SGTR), and failure of containment isolation. Bypass via a
connecting line also has to be taken into account. Steam generator tube
rupture as a consequence of a core melt accident is not considered as a
mechanism for early containment failure in most PRAs. However, SGTR as
accident initiator, failure of containment isolation, and bypass via connecting
lines are often considered to some extent in PRAs, as are high pressure melt
ejection and containment melt-through.

Currently, there is general agreement that in case of high pressure melt
ejection, the potential for early containment failure exists, and very high
releases of radioactive substances can result.

There are two other major hazards, however, which are treated in far too
optimistic a manner in PRAs: Hydrogen detonation or deflagration, and
steam explosions.

Hydrogen Detonation or

Deflagration

The generation of Hydrogen during 8 core melt accident is . very serious
problem. It is very difficult to derive a imeaningful probability estimate for
early containment failure due to Hydrogen detonation or deflagration.
Probability calculations as attempted in "RAs, for example in the U.S. study
NUREG-1150 (draft No. 1), can be shown to be meaningless, and based on
completely arbitrary assumptions.

As quantification is very difficult, only a rough qualitative assessment can be
given for the likelihood of early containment failure.

Detailed calculations show that for a PWR with a large, dry containment, for

. example, conditions during & core melt sequence can be such that

containment-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 oocurrence 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 2s currently planned - and given credit in some PRAs
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- are of limited value at best. They might even be counter-productive in some
cases.

Steam Explosions

There is po «.rrent scieatific basis to give a meaningful upper limit (less than
one) for the probability of a significant steam explosion occurring when the
molten core comes into coatact with water. Thus, the only responsible way to
treat steam explosions is to assume their occurrence in case of a core melt
with low pressire in the primary system. The compulsion, evident in PRAs, to
produce quantitative probability estimates has led to many errors and to
confusion as to what the state of knowledge really is.

This point is of particular iiportance since in PRAs may be often assumed
that only high-pressure accident sequences (leading to high-pressure melt
ejection) can cause early containment failure, and therefor» measures are
planned in case of an accident to reduce primary pressure and to deliberately
reach a low-pressure sequence. Because of steam explosions, this is rather
like avoidinrg Scylla in order to run into Charybdis.

External Events

External accident initiating events are often not included in PRAs since it is
extremely complicated to assess their probability of occurrence, and the
consequences for the plant status. Yet external events give high contributions
to severe core damage frequency; in some cases where they were inclided in
PRAs, their contribution has exceeded S0%.

The most important external events are earthquakes, fires, and, in some
cases, internal rnd external flooding. Attempts to ¢‘stermine the probabilities
for earthquakes of different magnitudes at ¢ given site usually lead to no
more than the observation that probability decreases with increasing
magnitude. Parallel to that the uncertainty of probability estimation increases
considerably at higher magnitudes. Thus, particularly for the most relevant
quakes (magnitude 5 and higher), reasonably accurate probability estimates
are not possible. It is noteworthy that where PRAs have considered
carthquakes, their results, taken at face value, indicate a substantial
coutribution from earthquakes to core melt frequency.
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There are many other problems associated with externa!l events; these
‘ problems cannot all be treated within this study. As an example of

{V "man-made" external events, the crash of a military aircraft on an NPP i
considered. In countries with a high flight density, the contribution to risk is
nou-negligible. This problem is exacerbated by the fact the during the last
years, military aircraft have developed rapidly, getting faster and heavier.
Plant designers, and risk analysts, have not kept step with this “technological
progress”.

A special case of external events are acts of war, Military attacks are never
(| included in PRAs, even when other external events are. It is plainly
~ impossible to derive meaningful probability estimates. Yet it can be shown
that the possibility of the destruction of a nuclear plant by conventional
wespons exists, and indeed nuclear plants have aiready been subject to
‘/0 military attacks. Thus, there is no basis for the claim that the (unknown and
unknowable) probability of such attacks is negligibly small. The problem is
exacerbated by the fact that nuclear plants gre very vilnerable 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.

Accident Management

The concept of accident management has been increasingly studied and

developed in recent years, and is beginning to be introduced into PRAs. The

idea is that even after vital safety systems have failed, an accident can still be
{  “managed" by improvising the use of other systems for safety purposes, and/or
/by using safety systems in a different context than originally planned. The aim

is to avaid severe core damage whenever possible; or, failing that, at least to

avoid early containment failure.

Accident management places increased reliance ¢n operator intervention,
f{,  since accident management strategies must be implemented by the plant
! personnel. The possibilities of simulaior training, however, are limited.
Hence, there is large scope for human errors. This is enhanced 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
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in PRASs (for example, in the German Risk Study, Phase B) appear
cowmpletely unrealistic.

Furthermore, accident management, even if performed as planned, might
prove ineffective, leading from one severe accident sequence to another just
as hazardous. In some cases, it can even be counter-productive.

Many questions still remain open in connection with accident management.
In the case of the German Risk Study, certain accident management
measures are considered whicn canno: be performed in present-day German
reactors, and require complicated ard expensive backfitting of safety systems.
thmucmmmmmucnmnmwmtmnw
acrident probabilities.

Unexpected Plant Defects

Unexpected defects may arise from improper design, construction or
maintenance, or from unexpected changes in material properties. However,
all significant defects in this category share two characteristics. First, they can
cause components and structures to behave in ways not consistent with piaat
specifications and safety regulations. Second, they will not be reliably
detected threugh routine inspections and tests. As a result, the risk analyst
will find it difficult - and in many cases impossible - to identify and ascribe
probabilities 1o failures which might arise from unexpected plant defects.

Many cases of unexpected plant defects have been reported in the pasi. They
include the following categories: Piping stress exceeding code limits;
incorrect hardware, or incorrect installation of hardware; lack of fire seals for
electrical cable penetrations; electrical wiring errors; errors in electrical,
instrumentation and control ci. cuits; and electrical and control panels uot
seismically supported.

In most cases, such defects cannot be included in PRAS, since they cannot all
be foreseen, and there is no adequate basis for the estimation of failure

probabilities.
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Unforeseen Physical
Processes
PRAs can only address modes of plant behaviour which are expected and
whichmnllundemoodltmhenfounomhy that there have been
mmmumwwmhmmumnmw.
PRAmbmmwwymquMdfmemformch
phmmﬂmm.mqambemdnmwmddmm

"' important phenomens.

Sabotage
&bmpwhrhsumbunindudodhﬂlhmdtbnwno
mmmmuwmmmmmmmmmmum.mwrm
ithmmwmmmuqdmmmmnuwon
mMMwmwi:quwwma
mm«mmmmwam

: mmmm.mmmmmmmqm
f~ mmhm;ammwnqdawpmwmmnm
ml&bynmhownmmmwmauboupmmumu
this unknown quantity is not trivial.

piro
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Conclusions

Probabilistic Risk Assessment (level | and II) is not an adequate tool to
'} determine the frequency of severe core damage, or the probability of early
containment failure, or the probability of other accident categories.

Even the most "simple" aspect oi PRAs (modelling accident sequences taking
into account solely internal initiating events, component failures, and human
errors of omission) is beset with uncertainties which yield very large error
margins. The error margins are still larger when containment bebaviour is
. considered. In many cases, this is compounded by systematic underestimation
¢ | of sccident probabilities.

Furthermore, many important contributors are excluded from PRAs:

\ Complicated forms of human error; many forms of unexpected plant defects;
unforeseen physical processes; sabotage; and acts of war. Many PRAs even
completely exclude external accident initiating events.

Thus, the result of a PRA is not an estimate of “severe core damage
frequency”. It is, rather, a form of risk-indicator with a severely limited scope,
useful only for limited purposes. The “true" severe core damage frequency in
| fact would be this incicator times an unknown factor which is larger than 1
N (taking into account the inaccuracies and optimistic assumptions in those
areas which are included in PRAs, as demonstrated in this study); plus
another uuknown factor which is larger than zero (taking into account the
issues which are omitted in PRAs): Or, « (uP)) UFS <€

SCDF = (PRA result) x (unknown factor No.l),;o- (unknown f. No.2)
A similar equation holds for estimates of early containment failure.

\Q) The practice of referring to PRA results as accident frequencies is thus
\ misieading and should be abandoned. It constitutes a perversion of a
methodology which has withut doubt - if its limitations are kept in mind - »
number of usaful applications.
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1 ANTRODOCTION

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
International Atomic Energy Agency (IAEA) published
"probahilistic safety targets" (i.e., limits for accident
probabilities). q

In its. report “"Basic Safety Principles for Nuclear Power
Plants® (safaty series-No:' 75-INSAG-3) the~IAEA recommends the
targetrthat, for existing nuclsar g*mu. the probability
of severe«core d should be ‘below 10 1/10.000) per plant
operating year. Accident u:amt and mitigation measures
should, according to IARAj by & factor of at least ten
the probability of lu-n-- off-site releases requiring short-term
responses- (to below- 10 * per plant’ ating year). Por future
plants, improved goals should be achieved (probabilities lowver
by a factor of ten) (Para. 25 of 75~INSAG~3). (In the IAEA
raport, it is not explained in detail what is to be understood
by large releases requiring short-term responses. For the

ses of our study, we assums that accidents with early
failure of the containment are meant.)

IAEA“claimssthat, at present, the.targets.for existing power
plants are’ already met in those-cases-vhere:"well managed
circumstances® prevail (Pera. 11). In cular, IAEA states
that probabilistic safety assessment (better called
probabilistic risk:assesssent; PRA) as ormed so far in
different-countries; gives«results wvhich are consistent with

IAEA safety targets:(Para. 54).

The great coafidence IAEA has in probabilistic risk sssessment
is expressed even more pointedly in another publication (IAEA,
1988): i

"The chance of a severe accident occuring at a nuclear power
plant is extremely small. Por existing plan*s, conservative
assessmants put the: probability of severe accidental damage to
a reactor or its nuclear - fuel at 1 in 10.000 years of operation
of a well-designed plant. The picture is brighter for
tomorrov's even better designed plants, with a 1 in 109.000
probability f‘t reactor year of a severe accident. Still, if
the e -were: to occur, effective accident management and
containment measures:at these.plants would reduce (Ly a factor
of 10) the likelihood of significant environmental releases of
radicactivity 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 ITAEA has significantly
expanded its own activities in the field of PRA, following a
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high priority recommendation of the Chernobyl Post Accid
Reviev Meeting. The IAEA activities concentrate ent o

= guidance on how to perform PRA and to interpret re
- fosteri the use of PRA results; . .
= human reliability analyses.

Eighteen states are icipating in the IAEA inter-regional
programme on prolabilistic risk assessment. Under this
Programme, among other activities, the PSAPACK (Integrated PC
Package for PSA level I) vas 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,
:::u.nooo leading to severe core damage. Complex fault trees

event trees are used, thus combining the failure
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
probability of system failure can, in principle, then be
determined: It is the sum of the probabilities of all
combinations of individual failures leading to system failure.
(This is a somevhat simplified picture. The possibility of
dependent failures in reality makes fault tree analysis much
more complicated, see section 7) An example of a fault tree
(from the U.§. study NUREG-1150) is given in fig. 6.1.

Event trees are used to detersaine the probability of wevere
core damage resulting from a particular initiating eve .%t. In
this case, an individual event (e.g., small-break LOCA) is at
the inning of the tvee. The tree then branches out,
modellirg possible accident sequences: The safety systems
required are listed, and for each oatotx systam, the tree
branches further (according to vhether it is operational, or
not). At the end, there are several event sequences, some
corresponding to severe core ‘amage, and some to a controlled
accident. The prohubllitx of each sequence is determined by
uuzt1p1¥1n! tho probabilities of the individual steps; safety
system failure probabilities being providea by the fault tree
analyses. An example for an event tree (from the German Risk

Study) is given in fig. 1.1.

Furthersore, in level II of PRA, the probabilities of different
failure wmodes of the reactor containment (if a severe core
CIIIY. accident has occurred) ere assessed taking inte account
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 term)
for different accident sequences are estimated. Finally, in
level III of PRA, the consequences of the released radiocactive
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
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improveents, in order to investigate whether they can credibly
SUpport the IAEA's claims and targets. The study concentrates
on the estimation of probabilities (hence, it contains only
short references to source terms, and will not deel with level
I11 at all). Thus, the main question is: How large is the
probability for a reactor accident with severe core damage, and
the conditional probability for early containment faiiure
(accompanied by particularly large releases) after severe core
da::oo{.:?d how accurately can those probabilities be

estima

The authors are avare of the fact that source term estimation
today is one of the main issues of the ongoing debate on
nuclear haszards, and that no risk study is complete without
consegquence estimation. The almost complete omission of those
topice does not imply that we regard them as unimportant.
However, it is the aim of this study to deal with the
"probability aspect® of PRA, and in particular, with the IAEA's
probabilistic safety targets.

An i rtant issue in connection with risk studies is the
definition of the concept of risk. In PRAs, the risk of an
accident category is defined as the product of probability and
consequences. In viev of the unique character of accidents with
v.rx large consegquences, it can be doubted whether this
definition is adequate. An alternative concept giving more
veight to low~- 1lity, high-consequence accidents might be
called for. This problem, hovever, transcends scientific
analysis and is not further discussed here.

The study deals exclusively with Light Water Reactors
(Pressurized, and Boiling Water Reactors), which constitute
about 7% § 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
applicable to other reactor types (Gas-Cooled Reactors, Heavy
Water Reactors, the Soviet RBMK design, Fast Breeders, etc.).
Howvever, it must be noted that those reactor types do not
completely share the accident vulnerabilities and accident
phenomenclogy 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.).

Severe core damage frequency due to internal events alone wvas
above 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 wvas
above 10°%/yr in 10 cases (63 % of the total of 16) (MHB,
1989).
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Furthermore, a simple calculation demonstrates that even if
IAEA octot{ targets were met, severe accidents ir nuclear power
plants would be relatively frequent events. With about 480
pover reactors oporattng wvorld-wide in i990, a severe core
damage f of 10"Y/yr results in an overall accident
probability of about 0,05/yr (thus, if the number of operating
reactors remained constant, one severe accident would, on
average, occur every 20 years somevhere in the world).

We wish to emphasize that it is not the only e of PRAs to
give guantitative estimates for accident probabilities, and
risks. On a purely technical level, PRAs can be used and are
used as a tool to identify in a systematic ;:l'dcotqn and/or

° attogal vcn:::::ooltn a ?ucxnct plant. :un be useful

w analys: cular safety systems, co ng alternative
designe oto.nghooo limited nypxlcuttono of P=:.:ro not the
subject of this study; the problems and shortcomings identified
here render such apg ications difficult and complicated in many
cawes, but do not altogether preclude thes.

We are also well avare of the fact that risk analysts in many
countries are working hard to further develop PRA methodology,
and to overcome PRA weaknesses. It is only natural that in a
lex field like risk analysis, perfection cannot be
eved, and different factors are modelled with oigntttcantly
differing reliability and accuracy. Purthermore, it is not the
fault of risk analysts that some risk contributors completely

defy every attempt at quantitative probability estimation.

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 vhether nuclear plant
risks are acce le or not. It is this application of PRA
results, and this application alone, that our criticisa is

aimed at.

Before entering the discussion of the limits and shortcomings
of PRAs, an overviev of PRA develo t and current use is

given. As PRA vas "/nvented" and first applied in the United
States, and most PRA vork to date is sti performed in this
country, the development and use of PRA in the U.S. receive:

special attention.

22



‘ REVELOPMENT AND USE OF PRA IN THE UNITED STATES

2.1 REACTOR SAFETY ANALYSIS PRIOR TO INTRODUCTION OF PRA
WASH-)

At an early stage in the development of nuclear reactors, it
wvas understood that reactors could suffer accidents wvhich
liberated radicactive material from their fuel, with the
possible release of that material to the surrounding
environsent. This potential was recognized in 1950 by the
Reactor Safeguarde Committee of the US Atonic Energy Commission
(AEC), in its report WASH-3 (ABC, 1950).

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

Re0,01(P)3/2

vhere P is the reactor thermal power in kW. Thus, a 30 MWt
rasactor would have an exclusion radius of 1,7 miles (2,8 km),
wvhile a 3000 NWt reactor (typical of modern commercial
reactors) would have an exclusion radius of 17 miles (28 km).

The Reactor Safeguards Committee was particularly crncerned
about reactivity accidents, in vhich a surge of powver leads to
fuel melting and disruption of the reactor structure. Just
such an event occurred at Chernobyl Unit 4 in 1986. Less
attention vas paid by the Committee to the possibility of fuel
melting due to inadequate removal of decay heat after reactor
shut~down (Okrent, 1981). This latter scenario, wvhich becanme a
reality at Three Mile Island Unit 2 in 1979, hes become the
major preoccupation of analysts studying the safety of light
wvater reactors.

It vas soon realized that the WASH-) exclusion radius would
allov fev sites in the United States to gqualify for larger
reactors. Thus, vithin a year or two of publication of VASH-3,
pressure develcpd for a relaxation of the exclusion redius.
It vas instead a‘'gued that a containment building could be
constructed arouad the reactor, so that large quantities of
radiocactive material would not reach the environment even in
the event of fuel melting. The first reactor built under this
principle was the Submarine Intermediate Reactor, which vas
equipped with a spherical steel containment and built at West
Milton, New York, at a site with a reduced exclusion radius.

In 1957, the first "commercial®™ nuclear reactor entered service
at Shippingport, Pennsylvania. This reactor was equipped with
a containment building and wvas 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
reactors in the United States have followed this precedent

(Okrent, 1981).
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WASH-740

As plans developed for a commercial nuclear power industry,
CONCern arose that the induatry's growth would be stifled by
fear of liability for damage to the public in the event of a
release of radicactive material. To provide a technical basis
for consideration of this problem, the AEC submitted to the
Congress in March 1957 a report, designated WASH=740, with the
title "Theoretical Possibilities and Consequences of Major
Accidents in Large Nuclear Power Plants" (AEC, 1987), Six
months later, the Congress passed the Price-Anderson Act, which
linited the 1nduatr¥'| liability in a major accident to $560
million, of which all but $60 million was at the time
underwritten by the US government. This law, said then to bu a
temporary measure to encourage rrivnto industry to enter the
nuclear field, was unique in shielding an entire industry from
full liebility for potential public damage arising from its
operations.

WASH-740, prepared for the AEC by tha Brookhaven National
Laboratory, evaluated potential accidents at a hypothetical 500
MWt reactor. Source term estimates were made for three "hazard
states®, vhich correspond to groqrooolvo degradation of the
three major barriers (the fuel cladding, the reactor coolant
system boundary, and the containment) against release of
radicactive materials. The three I :ard states wvere:

(1) Major damage to the first barrier (the fuel cladding)
but no release outside the reactor vessel. A subjective
estimate wvas made that t’. probg*tlity of such an event would
fall in the range of 107° to 10™" per year for a typical
reactor.

(i1) A situation in which there is not only major damage to
the core but sufficient fuel damage or melting c¢o lead to
release of the radiocactive materials outside the reictor
vessel. However, it was assumed that the containment remained
intact, thus preventing a major release of radiocactivity to the
environment. This hazard state is similar to the accident
conditions assumed in the 19608 in TID-14844, described below.
The_ authors of WASH-740 subjectively estimated a probability of
10°3 to 10°4 per reactor-year for this hazard state.

(111) MNajor damage to the core and cladding, complete meiting
or substantial melting of the core, and failure of the last
barrier (the containment). The subjectively estinmated 9
probability of this hazard state vas given as 107" to 10”7 per
reactor-year.

The probability estimates mentioned sbove ware not the product
of scientific analysis. Indeed, the authors of WASH-740
concluded that it was "essentially impossible to assign
dependable gquantitative 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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pagnitude. Others were willing to make guesses about the
probabilities of particular hazard states.

The "Maximum Credible Accident® and 10 CFR 100

During the 1950s, many ir the AEC and the nuclear industry
convinced themselves that the most serious accidents, such as
the third hazard state identified in WASH-740, were so unlikely
a8 to be not credible for practical purposes. Thus developed
the concept of a "maximum credible accident™, which found a
formal expression in the AEC's first generic reactor siting
regulations, 10 CFR 100, which were promulgated in 1962.

The 10 CFR 100 regulations vere based upon an AEC report
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
vas assumed to remain intact and to leak at a small,
predictable rate (0.1 percent of volume per day). Although
arbitrary and vithout scientific foundation, the hypothesis of
a maxipum credible accident -~ and its associated TID~14844
source term =-- has had a profound effect on ssfety regulation
and design of nuclear plants. The TID source term became
videly used by the AEC and its regulatory successor, the US
Nuclear Regulatory Commission (NRC). It provided the basis
for a source term incorporated in NRC Regulatory Guides 1.3 and
1.4, which previde the basis for accident evaluation in
utility-submitted Final Safety Analysis Reports (FSARs). Also,
it is used in site ouitabllitz assessments and in establishing
safety equipment environmental qualification standards. Until
1979, the TID source term (and the low population zone
established under 10 CFR 100 using the TID source term) formed
the basis for offsite radiclogical emergency planning. It has
also been used in defining what constitutes radioclogical

sabo {deliberate acts must result in offsite doses
exceeding the 10 CPFR 100 limits to be officially classified as

radiological sabotage).

The occurrence of a partial core melt accident at Three Mile
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 ihe WASH-740 study. Many AEC officials
hoped that the newv study would show that the consequences of &
severe accident would be lower than were estimated in WASH-740.
However, the Brookhaven team soon concluded that there was no
pasis for such a finding. Indeed, because¢ larger reactors were
being proposed in the 1960s, the public health consequencee of
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& severe accident vere predicted to be considerably greater
than vere estimated in WASH-740 (Ford, 1982).

The AEC's eteering 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 problem, believing that
there wvas no de le statistical ba~is for estimating
accident probability. As the minutes of one steering committee
meeting noted (Ford, 1982):

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

n their opinion, no significant scientific progress could be
nade and they proposed not to study it...........The BNL

peo ::....;....lnototod that they not consider probabilities of
accidents.

By late 1964, as the study neared completion, the steering
committee became concerned about the implicaticns of the
study's publication. Records showv that they were reluctant to
publish any report that could "strengthen opposition to further
nuclear rovox.' According to the minutes of another meeting,
they believed that the "impact of publishing the revised WASH-
740 report on the reactor industry snould be weighed before
publication.® 1In fact, the AEC su ssed the study, and its
contants only came to light follow a 1973 request under the
Freedom of Information Act. The ABC commissioners merely sent
to the Congress a letter along lines suggested by the Atomic
Industrial PForum (an indus lobbying group), indicating that
accident risks were co able to those assessed previously,
except for the 1nrYor size of reactors currently planned, and
asking that the Price-Anderson Act be extended (Ford, 1982).
It wvas.

WASH-1250

In July 1973, ¢he AEC issued vhat wvas to be its last major
reactor safety analysis, designated WASH~1250 (ABC, 1973).
While largely a descriptive volume, WASH-1250 conta:ns a
section vhich summarizes the state of "expert" opinion at that
time regarding accident probabilities. Based on a series of
papers on the then-emerging discipline of frobcbtlilttc risk
analysis, WASH-1250 estimated the probability of an accident
lead to the {'lonna of 5 million Curies of fission products
to be about 10°*% per reactor-ysar. The report also corcluded
that the mid-range estimate for the probability of a LOCA 2
iandlnq to the release of 20.000 Curies of iodine was about 10
per reactor-year.

2.2 THE RRACTOR SAFETY STUDY; WASH-1400

In 1972, faced with upcoming Conyressional hsarings on further
reneval of the Price-Anderson Act, and vith increasing
controversy over the safety of nuclear power reactors, the AEC
commissioned a 3-year study of accident probab.lities and
consequences. MIT professor Dr. Norman Rasmussen vas named to
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head the study, whose budget was $3 million. This exerci
generated the first nuclear nuclear plant PRA, which v::I..
published in final form in October 1975 by the NRC under the
title "Reactor Safety Study," but is often known under its AEC
designation WASH~1400 (197%).

This study sought to evaluate the risk posed by the operation
of the first 100 reactors planned for the US. Analyzing 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
1 and 2 are three-loop Westinghouse PWRs with large dry
subatmospheric containments and power outputs of 775 MWe: they

an operttion in 1972 and 1973, respectively. Peach Bottom
Units 2 and ) are General Electric BWRs with Mark I
containments and power outputs of 1065 NWe; they began
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.

WASH-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-year: the BWR core melt
probability vas calculated to be about 3E-5 per reactor-year.
WASH-1409 itself acknovledged that these results reflected a
higher core melt probability than had been previously
anticipated. Prior to the publication of WASH-1400,
"conventional wisdoa" and expert opinion hgld that the
probability of core melt accidents was 10°° per reactor-year or
lover. 1In comparison, the upper bound (95th per~entile value)
core melt probability for light water reactors generally was
calculated by WASH~1400 to be about 3IE-4 per reactor-year.

Releases from potential reactor accidents vere broken down into
a number of categories. There wvere seven P#R core melt release
categories, designated PWR 1 through PWR 7, and two PWR design
basis accident release categories, designated PWR 8 and PWR 9.
Five BWR release categories wvere identified, of which
categories BWR 1 through 3WR 4 represented core melt accidents
and category BWR 5 represented design basis accider:is. Table
2.1 summarizes the estimated probability and release
characteristics for each of the above categories.

In its draft version, published in 1974, WASH-14C0 received
hoan criticism, notably from a study group of the American
Physical Society (lLewis, 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 reviewv 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 were the

following:

27



. Much of the elementary data on the reliability of plant
components were incomplete, uncertain, or unavajilable;

. For most of the WASH-1400 analysis, failure of one
component was assumed to be independent of failures of other
?onpou:nto. That is, "common mode" failures were largely
gnored;

. WASH-1400 qon.r|11¥ assumed that current reactor designs
vere adequate, overlooking vossible intrinsic design
deficiencies; wund

. WASH-1400 was lax in addressing major problems that
contribute to nuclear risks, such as aging and degradation of
plant components, earthquakes, sabotuge, and terrorism.

As a response to these and other criticisms, the NRC
established a Risk Assessment Review Group, which submitted its
report in September 1978. The Reviev Group reported that while
WASH~1400 was a "substantial advance® over previous assessments
of reactor risks, the Reviev Group could not determine whether
its accident probabilities were too high or too low (levis,
1978). The Group also drev attention to WASH-1400's
"gquestionable methodological and statistical procedures." A
summary of the Reviev Group's findings appears here as Appendix
2A.

In January 1979 the NRC issued a policy statement retracting
its endorsement of the WASH-1400 risk estimates: “the
Commission does not regard as reliable the Reactor Safety
Study's numerical estimate of the overall risk of reactor

accident."

2.3 RECENT DEVELL {ENT OF PRA

Growth in Use of PRA

Since the publication of WASH-1400, a considerable number of
PRAs have been completed. Table 2.2 summarizes their findings
in terms of the probability of core melt. It will be noted
that core melt probability is, according to present custom,
attributed separately to "internal events® (equipment failures,
operator errors, etc.) and "external events® (floods,
earthquakes, etc.) Also, it will be noted that some plants
have been the subject of up to three ssparate PRAs.

PRA -othodoloqx has become relatively standardized,
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 lovels
1, 2 or 3. The PRAs vhose results are summarized in table 2.2
vere conducted at one or another of these three levels.
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An illustration of the lLevel 1 results generated by
contemporary PRAs is provided by figures 2.2 and 2.3. These
show the statistical distributions of core melt probability
(described as "frequency of core damage® in figures 2.2 and
2.3) which wvere generated in a recent PRA for Three Mile Island
Unit 1 (a 792 MWe PWR). It will be noted that core melt
probability is predicted to be relatively high in this PRA; the
9559 percentile total core melt probebility is 9,4E-4 (roughly
10°7) per reactor-year.

The phrases "ccre damage", "severe core damage", and "core
melt®™ have been used interchangeably in PRAs. This is because
the sophistication of PRA is insufficient to discriminate
between sequences wvhich lead to full core melt and those which
lead to lesser outcomes. The difficulty has been explained in
the Seabrook PRA (PLG, 1983):

"At one stage of the study, the possibility of specifying
additional plant states to distinguish between core melting and
core damage short of melting was considered. The idea wvas
rejected, howvever, upeon finding that the time interval between
onset of core damage and full scale fue! wmelting is short in
comparison with the time interval between the initiating event
and the time of core damage for risk significant scenarios.
Therefore, there vas a physicel basis for the assumption that
given the onsec of core damage, the conditional likelihood of

core melt approaches unity.*

More recently, PRA analysts have gained confidence that they
can discriminate among core damage sequences. Notably, the
second draft of the NRC's NUREG~1150 study (see below)
identifies core damage sequences in which core melting is
arrested before the molten material penetrates the reactor
vessel. Detailed review of that draft and its supporting
documents (such reviewv wvas 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
wvork was published in Pebruvary 1987, with the designation
NUREG~1150 (1987). In June 1989, a second draft was published,
olploxinq a completely different format and drawing upon a
nodified set of analytic procedures. Also, many of the
conclusions in the first draft have been sulstantially
modified. As our report goes to press, most of the supporting
documents for the second draft of NUREG-1150 (hereafter
designed NUREG-1150/2) have not been published. Therefore, we
have not reviewed the basis for the findings in NUREG-1150/2.
Hovever, some of those findings are presented here for purposes
of {llustration. In both drafts, five plant designs have peen
studied -~ three PWRs (Surry, Zion, Sequoyah) and twvo BWRs
(Peach Bottom, Grand Gulf).

Figure 2.4 shows the core melt probabiliZy (severe core damage
fregquency) estimated in the first draft of NUREG-1150 for each
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of the five plants. The range of core damage freguency is
exprecsed in a "box and whisker" format, in which the box
repressnts the range of mean core damage fregquencies generated
by various sensitivity studies, while the whisker is meant to
represent extremes of the 5 to 95 percent confidence bands.
Figure 2.5 provides a more detailed illustration of this
format, which has been severely criticized -~ in fact,
described as "erroneous and misleading"-- by members of an NRC
panel which reviewed the draft NUREG-1150 (Kastenberg, 1988).

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 horizontal lines within the vertical bars represent the
individual » le results from *“he uncertainty analysis and
provide a qualitative indication of the concentration trends
within the range, based on the judgsent of experts."

In its second draft, NUREG~1150 employs a format which, at
least superficially, appears more scientific. This format is
illustrated by figure 2.7, vhich shows the estimated core
dannzo frequency from internal initiators, for the five plants
considered. The probability density functions and frequenc
ranges wvhich are shown in figure 2.7 have an appearance which
8 ts that a rigorous, statistically-based analysis vas
used. Unfortunocolg, this a arance is deceptive. The
underlying probability distributions were generated pr.marily

by "expert judgment® (i.e., guessas).

Whereas only internal initiating events were considered in the
first NUREG-1150, the second draft estimated core damage
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 earthgquakes -~ 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 the EPRI analysts, the authors of NUREG-
1150/2 found both sets of predictions to be "equally valia®
(see also section 13.3.1).

NURBG~=1150/2 does not present estimates of the conditional
propapility of sarly 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 cof early
containment failure is pursued at greater length in section 10,
below.

It ic 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 differing
contributions of various initiating events to core nelt
probability for the five reactors examined in the draft NUREG~
1150. However, the NUREG~1150 exercise also allows compariscons
to be made among PRAs done for the same plant. Table 2.3 shows
Such a comparison, in which the draft NUREG~1150 results for
the Grand Gulf BWR are compared with those from the NRC's
RSSMAP study (published in 1981) and from the industry-
sponsored IDCOR study (published in 1984). Although the total
core melt probability estimated in theme three studiocr varies
by only a factor of four, the estimated contributions of
particular initiating events vary more widely. For exanmple,
viié estimated contribution of station blackout varies by a
factor of eighty if the IDCOR and NUREG-1157 results are
compared. This suggests that the overall estimates of core
melt probability should be viewed cautiously.

Like all PRAs, the two drafts of NUREG-1150 have not attempted
to account for sabotage as an initiating event, offering the
followiny rationale for this position (NUKEG=1150, 1987):

"The risk of sabotage has not been included in the results of
this report. It is the staff's opinion that the likelihood of
& specific threat is very dependent on the changing political
and social climate. The applicability of “istorical data
pertaining to a threat of sabotage to a nuclear plant in the
future is less obvicus than for hardware data or information on
human error probabilities.*®

"As Found® versus "As Fixed" PRA Results

It is important to recognize that the results of a PRA do not
usually reflect the "as found" 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
probabllitl. Unfortunately, these changes are usually reflected
in the published study vithout an indication of their impact on
the estimated core damage probability. Thus, the PRA results
usually reflect the “as fixed" plant.

For ex le, the recent FRA for Three Mile Island Unit 1, while
apparently an intermediatc product which will be further
modified, nonetheless reflects some of these sorts ¢f changes.
The following changes are identified (PLG, 1987):

== Changes were made to the surveillance procedures, the alarm
response procedures, and operator training literature relevant
to the reactor building emergency covling water system, so as

to parmit a greater chance of operator recovery of the system.

-~ Emergency procedures vere revised and additional hardware
vas procured to i(mprove the control building ventilation
system. These changes incorporate the use of emergency fans to
cocl engineered safeguards electrical egquipment 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 cbocklllz wvere revised
to provide additional assurance that the correct lubricating
pump is selected for makeup (HPI) pumps.

== Modifications made to the emergency feedwater and the heat
sink protection system during the 1386-~1987 refuelling outage
vere incorporated into the PRA.

== In the early stages of the PRA study, the instrument air
dryer transfer valve was identified as a major contributor te
loss of instrusent air. The complete air dryer assembly wvas
replaced and includes a nev type of transier mechanism.

Unfortunately, the Three Mile Island PRA does not provide an
estimate of the “as found" core damage rroocbtltty. In fact,
very fev published PRAs have dealt explicitly with the issue of
wvhat was the core damage rrob&btlity for the plant at the tine
the analysis was begun. Virtually every PRA study performed has
resulted in ch 8 of procedures and/or haidvare which have
reduced estima cors damage probability. This is not
lurprxotn!, since identifying and implementing such changes is
4 key motive for performing a PRA.

Reporting only the "as fixed" core damage probability, rather
than includi that “as founwi® rore damage rtobablllt as wvell,
can lead to distorted percepticrs vhen results of a limited
number of PRAsS are used to drav industry~-wide inferences. This
practice can result in an undersst/msate of the generic risk of
core damage accidents because thoia plants which have not yet
been analysed could have a blzbor *"asn found® core damage
probability, rather than the lowsr "as fixed" core damage
probability vhich might be infe:rcd from published PRAs.

There are some PRAs for which “as found®™ and "fixed"™ results
are available. For example, the NRC staff (and consultants)
conducted a detailed review of the PRA for Indian Point Units 2
and 3 following its submittal to the NRC in 1982. For Indirn
Point Unit 2, the NRC staff estimated the “"as found" core
damage probability to be 1,0E~) per reactor-year, vwhile the "as
fixed" core damage probability wvas estimated to be 3 ,5E-4 per
reactor-year. PFor Indian Point Unit 3, the NRC staff estimated
the "as found" core da-a!o prebability to be 6,8E~4 per
reactor-year, vhile the "as fixed" core damage probability was
estimated to be 3,5E-4 per reactor-year (Rovsome, 1982).

Another perspective on the "as found"™ versus "as fixed" issue
is provided by the PRA for Oconee Unit 3. This study included
potential external events, one of which was a turbine building
flood caused by a failure in the component cooling vater system
wvhich could result in a lake draining into the turbine building
(which leak could not be stopped). As the analysis progressed,
it wes discovered that a vary large core damage probability
wvould result from such floods, and meesures vere implemented to
reduce the risk. The final PRA estimated both the "as found"
and "as fixed"™ value for these floods -~ the "as found" 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
this class of accident (Sugnet, 1984).

A final example is offered for illustration. The Calvert ¢
plant ,until the early 19808, had a remote, sanually 1nitia:::t.
auxiliary feedwater system. The 1980 PRA for this plant under
the RSSMAP program estimated the "intsrnal events" core damage
probability at 1,S5E-) per reactor-year, with a large
contribution from loss of main feedwvater scenarios. After
implementation of a fix, this PRA estimated the core damage
probability at 4,0E~4 per reactor-year, a reduction by a factor
of about 3,8. A later PRA conducted for Calvert Cliffs under
the IREP program estimated the "internal events" core damage
probability at 1,3E~4 per reactor year, a reduction by a factor
of about 12 (Sholly, 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 AEC-sponsored
studies on severe accidents. Like its predecessors, NUREG~-)150
will be used as a basis for changes in the NRC's safety
regulations. Figure 2.10 i{llustrates this process. As will be
seen from the following discussion, the NRC is increasingly
relying upon probabilistic analysis as a basis for its
regulations.

NRC Safety Goals

When the present gensration of nuclear plants vas being
designed and the construction sites were being chosen, the
regulatory framevork wvas "deterministic®, Plants were designed
according to "general design criteria® (NRC, 1986a) and it wvas
believed that these criteria, supplemsnted by normal care in
plant construction and saintenance, ruled out core melt
accidents as credible events.

After the 1979 T™I accident, this position became
unsustainable. Yet, the NRC found itself in the position of
regulating plants wvhose design and siting were based con a
desonstrably false hypothesis. An attempt has been made to
overcone: s basic problem on the basis of probabilistic
argusents. 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
perforsance guideline® is provided, which apparently will be
the measure actually used in regulatory implementation. Figure
2.11 summarizes each of these three levels of the safety goals,

The magnitudes of core melt probability which appear in table
2.2, combined with the probabilities of early containment
failure (following a core melt) which appear in figure 2.6,
sugges: that many -~ perhaps al. -~ US nuclear plants do not
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meet the NRC's general performance guideline. From the va
industry and NRC-sponsored PRAs, one can readily conilzdo E;::.
the probability of a large release is well above 10°° per
resctor-year. Presumably, the NRC and the industry will seek
to resoclve this problem in two ways. First, they will seek
"improved" analytic methods which reduce the estimated
probability of core melt and early containment failure (as is
done in NUREG-1150/2). Second, they will engage in plant
modifications, 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:;

equipment gqualification for acuident conditions;
requircments for hydrogen contreol during severe accidents;
siting criteria (for possible future plants);

focussing the effort of NRC safety inspectors:

assessing the effectiveness of existing regulations; and
implementing the backfit rule.

LR I I I I A

For illustration, consider the last-mentionad application,
implemanting the backfit rule. This rule (10 CFR 50.109)
requires the NRC to determine if a proposed safety modification
to one or more nuclear plants is cost-effective, or, more
specifically, "to determine wvhether: (1) public health and
safety or common defense and security are substantially
improved; and (2) the costs of implementation of the backfit
are justified®™ (NUREG~1150, 1987).

Figure 2.12 shows some sample results of the type of analysis
wvhich is involved in implementing the backfit rule. 1In this
case, a variety of safety modifications to the Peach Bottom
BWRs are considered. The cost of each modification is
estimated, and compared vith the associated "benefit". Now,
the cost can in principle be estimated objectively. By
contrast, the purported benefit is an indicator repressnting
"the monetized 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 iadicator, 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 reguired its licensees to
conduct "individual plant examinations®. These may either be
level 1 PRAs (internal initiating events only) or cheaper
studies which provide similar information. At a later stage,
it is anticipatea that licensees will be required to extend
this work to include external initiating events and to cover
the areas treated in Level 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 criticisms of
M‘vul. of course, apply with greater force to these cheaper
stucies.
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3 STURY OF ACCIDENT PRECURSORS

3.1 DEVELOPMENT OF PREBCURSOR ANALYSIS

When the 1975 Reactor Safety Study was being prepared, there
was a very limited data bese of equipment failures and operator
errors at nuclear plants. This was noted by the NRC's Risk
Assesanent Reviev Group, which proposed two sets of actions to
improve the data base (lLewis, 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 nev 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."

The Review Group was also concernsed that the Reactor Safety
Study might not have identified all significant accident
segquences. They concluded (lLewis et al, 1978):

"It is important, in our view, that potentially significant
seguences and precurscrs, as they appear, be subjected to the
kind of analysis contained in WASH-1400, ir such a way that the
analyses are subjected to peer reviev."

In response to these recommendations, the NRC instituted the
Accident Sequence Precursor (ASP) program, which is conducted
at Oak Ridge National Laboratory. The purpose of the ASP
program is to identify and study events at US nuclear plants
vhich wvere potential precursors of severe accidents. Relevant
events are selected from the licenses event reports (LERs)
which nuclear plant licensees are required to submit to the
NRC. Events are considered to be accident sequence precursors
it they meet the follovwing formal definition established under

the ASP program (Minarick, 1980):

"A historically observed element in a postulated sequence of
events leading to some undesirable consequence. For ses
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
itself ly that a significant potential for severe core
damage existed. It does mean that at leaat one of a series of
protective features designed to prevent core damage vas
compromised. The likelihood of potential severe core damage,
given an accident sequence precursor occurred, depends on the
effectiveress of the remaining grotoctivo features and, in the
case of precursors that do not include initiating events, the

chance of such an initiator."

ASP treports have nov been published for events which occurred
in the periods 1969-1979 (Minarick, 1982), 1980-1981 (Cottrell,
1984), 1984 (Minarick, 1987), 1985 (Minarick, 1986), and 1986
(Minarick, 1988). In each of these reports, LERs for the
pericd in question are screened in a series of steps so0 as to
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identify those events (typically a fev tens of events r
vhich wvere significant accident precursors. Then, tho’. S

r events are examined individually, and an estimate is
nade of the probability that each event would have proceeded to
a severe accident,

.2 NETHODOLOGY POR ANALYSIS OF PRECURSORS

The first stage in ASP analysis is to screen LERs for the
pericd in questicn. This process is illustrated by figure 3.1,
vhich shows how LERs for 1986 were scresned.

Over 2800 LERs were initially exnmined, and 1320 LERs were
selected for detailed reviev. Events selected included:

* events commonly identified as initiating events in PRAs
(including loss-of-feedvatar events, loss-of-offsite-pover
events, and small-break LOCAs);

* all events in which reactor trip vas demanded;

* all support system failures, including failures in cooling
vater systems, instrument air, instrumsentation and control, and
electric power systems’

* any event vhere two oy more failures occurred;

* any event or operating condition that is not predicted
vi:hln. or proceeds differently from, the plant design basis;
an

* any event that, based cn the reviewvers' exparience, could
have resulted in or significantly affected a chain of events
leading to potential savere core damage.

Then, the 1320 selected events were reviewved in detail, to
determine if the event was a likely initiator of a core damage
sequence or if it representad a failure which could have
exacerbated a sequence of different origin. On this basis, 34
events vere selected as precursors. Events in this group
shoved at least one of the followving attributes:

* occurrence of u typical core damage initiator (such as a
loss~of-offsite~-pover event, a steam-line break, or a small-

break LOCA);!
* a failure of a system (or all requirud trains of a multiple~

train tI:tnn) required to mitigate the consequences of a core-
damage initiator:; or

* dJdegradation in more than one system required te mitigate the
consuquences of a core-dawage initiator.

The 34 selected prascursors for the year 1986 included the
following:

* loss-of-offsite~pover, small-break LOCA, and small steam-

line break initators (8 events);
+ loss-of~feedwater (LOFW) initiators with failures in systems

required fo. LOFW mitigation (2 events);
* failures of redundant systems required to mitigate
postulated core~damage initiators (18 events);
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. ‘ottalatlon in sultiple systems regquired to mitigate
postulated core-damage initiators (2 events): and

* reactor trips vith failures of redundant systems required to
Ritigate core damage following & reactor trip (4 events).

After selection, the precursors are analysed to estimate the
probability that each one would have proceeded to severe core
damage or would have left the core vulnerable to damage. This
is done by mapping each precursor onto the appropriate
standardized event tree. A variety of standardized event trees
heve been developed within the ASP program for seven classes of
PWR plant and three classes of BWR plant, while a few plants
are sufficiently unigue as to reguire their own event trees.

Fi e 3.2 illustrates one of the standardized event trees, in
this case for loss-of-offsite-pover events for a PWR of Class
G. At each node of the tree, movemeant upward indicates success
of a safety function, vhile movement down indicates a failure
ot that function. Thus, movement downward at the first node of
the tree shown in figure 3.2 indicates a failure of reactor
trip (RT) after lces-of-offsite-pover (LOOP). This
procipitates a condition known as "anticipnated transient
vithout scram® (ATWS). Other nntot! functions shown on figure
3.4 aret emergency power (EP); auxiliary feedvater (AFW);
challenge or reseat of pover-operated relief valve/safety
relief valve (PORV/SRV); termination of secondary-side relief)
hig pressure injection (HPX)) hxqb-rroaouro recirculation
(HP)'); and containment spray recirculation (CSR).

The sccurrence of a precursor event provides an empirical value
for the probability of failure at a particular node of the
event tree. However, probabilities must also be assigned to
all o%er nodes in relevant parts of the tree. The data base
used for these probabilities is partly drawn from within the
ASP progras and ly from other sources; also, it is partly
generic and partly plant-specific. This is a veakness in the
ASP methodology.

More ally, the tollovtnr potantial sources >f error in ASP
ne logy have been acknowledged by ASP analysts (Mirarick,
1987):

* the accuracy and completeness of information in LERs is
sonetimes questionable;

* the use of standardized event trees may lead to plant~
specific features not being accounted for:

* the combination of generic and plant-specific data means
that modeled responses vwill tend towvards a ?onorlc response’

* the recovery credit for a failed system involves engineering
judgment; . _

* systems observed to operate successfully uuring a precursor
event are assumed to have independent failure probabilities;

* many probability values used in the ASP program vere
developed using an assumed equipment test interval of one
month, which may not be representative;
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* test intervals are assumed to be identical for periods of
gln:;.oo.r:tton and shut-down; and

analyesis can be influenced by subjective jud n
part of the Lhalysts. v : PRI . ..

3.3 RESULTS TO DATE

For illustration, consider the J4 precursors which vere
identified from LERs for the year 1986. These precursors vere
estimated to have conditional core damage probabilities ranging
from ),3E~) (for & small+<break LOCA at Catawba Unit 1) to 3, ,6E~
10 (for unavailability of low-pressure core spray at Hatch

Unit 2). A total of six events were estizated to have
conditional core damage probabilities of 10"% or higher. In
brief, these events were (Minarick, 1588):

* At Catawvba Unit 1 & small LOCA occurred, initiated by a
loss of control power to the letdown orifice valve, wvhich
caused the valve to fail open. rolxovtn’ the flov surge, a
line rupture ocourred downstreas of the failed valve's flange.
Letdown isolation valves wvere subseguently closed to contain
:ho LOCA. (Estimated conditional core damage probability: 3, 3E~

) s

* At Turkey Point Unit 3, following & loss of turbine governor
0il pressure and subsequent rapid load decreass, the unit vas
tri ., During the transient, a primary-side PORV opened but
failed to close fully. The ators closed the PORV block
valve, and the unit vas stabilized. (Estimated conditional core
damage probability: 1,4E+«3).

* A LOOP occurred at Robinson Unit . following a transient
vhen a bus lockout occurred in the 115-kV svitchyard. The B
emergency diesel generator (DG) was out of service at the time.
This DG was subseguently started manually and loaded to restore
pover to its emergency bus. (Estimated conditional core damage
probability: 3,0BE~4).

¢ At Indian Point Unit 2 an inadvertent reactor trip from 100
percent power occurred, and ir the ensuing transient AFW wvas
demanded to recover dropping steam generator (5G) levels.
Hovever, one motor-driven AFW pump tripped and the turbine-
driven AFW pump failed vhen the steam supply line became
overpressurized, resulting in a relief valve lift. SG levels
vere maintained by the ronnlning AFW pump. (Estimated
conditional core damage probability: 2,9E-4).

* At Catawba Unit 2 all four atmospheric dump valves
inadvertently opened during a test for loss of control room
function. A transient ensued vith SG depressurization, and a
main feedwater pump tripped on low suction pressure. Loss of
letdown~-flow control occurred and high-pressure-injection (HPI)
flow from the charging pumps was demanded. Because of the test
configuration and valve labeling errors, HPI flow requirements
vere not met. The test was terminated, allowing HPI to
actuate. (Eetimated conditional core damage probability:

1'13-‘)0
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* At Indian Point Unit 2, all 12 condenser steam dump vaives
insdvertently opened, resulting in a transient and safety
injection (81) actuation. SI train B failed to actuate, but
train A actuation closed the main sceam isolation valv s
(NS1IVe ), ending the high-steam-flow condition. (Estimated
conditional core damage probability: 1, 0E~4).

If one summed over just these six incidents, and noted that
about 100 reactor-years of plant operation were accrued in the
United Gtates durtn! 1986, then one would find a core damage
(core melt) probability of §,5E~5 per reactor-ysar for 1986,
However, repetition of that calculation for the most
lt,gt!tcant precursors (conditional core damage probability of
107" or higher) observed during 1985 (Minarick, 1986) would
lead to & core damage probability of 1,6E~4 ror reactor-year
for 1905, Clearly, & multi-year sumsation will give a more
accurate indication of core damaye frequency, as yesr-to-year
variations viil be smoothed out. Also, all precursors (not
just the most significant group) should be included.

The ASP am has not published & summation of core damage
bability over all precursors fo. all the years for which it
analysed LERs. However, the first precursor report
(Minarick, 1982) did provide an estimate of average core damage
!rebnbtllty for the period 1969-1979. This estimate is shown
n figure 3.3, vhere it is compared with other estimates. The
ASP estimate ranges from 1,7E-) to 4,5E-) per reactor-year, and
is much hi;::r than ~stimates nade by WASH-1400 and other
studies. t high probability reflects the occurrence of one
actual core damage event (at tlr.o Mile Island Unit 2) and two
serious incidents (at Browns Ferry Unit 1 and Rancho Seco)
during the period 1969-1979,

Although the riods 1980-1981 and 1984~-1986 did not exhibit
events of » severity, thc: did shov a similar frequency of
occurrence nf the more significant precursors. This point is
illustrated by table 3.1, vhich shows the frequency (per
reactor-year) o:.grocuroero vhich had egtimated conditional
core damage probadilities exceeding 10°7 or 10°% in the periods
1969=1979, 1980-1981, and 1984-1986. No significant
differences arise vhen 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 vhich arise from design defects, maintenance and
to-ttn, errors, or other problems which cause more than one
item of ecuipsent to fail. Such de t failures may not be
sanifested in routine tests but could occur if a safety system
vere actuslly needed. 1In illustration, one data base for
failure of high-pressure injection shows 4 failuies during 2000
test demands (failure per demand = 2,0E-3) but 1 failure during
4 actual demands (failure per demand = 2,5%-1) (Ballard, 198%5).

An analysis by G.M. Ballard (Safety and Reliability
Directorate, UKARBA) of the precursors identified for the period
1969-1979 has shcwn that 69 of the total of 169 precursors
involved dependent failures. Moreover, the 73 most significant
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precursors included 30 examples of dependent failures. Many of
the de t failures involved multiple failures of

essentially identical components. This is now 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 vere also 14 incidents
in vhich dependent failures involved non-idenctical components.
Of these incidents. 2 involved internal fire and flood (which
can in principle, be accounted for in PRAs). The remaining 12
incidents involved either difficult-to~identify design linkages
betwveen safety systems or incorrect operator actions (Ballard,
1985). (Regarding dependent failures, see also section 7 of
this report.)

3.4 LIMITS OF ASP ANALYS1S

In principle, ASP analysis can provide a otattotteollz
defensible estimate of core damage probability under "normal®
conditions. As operating experience is accrued, the range of
uncertainty of that sstimsate can be narrowed. The present
uncertainty range is unknown, and this is a matter which
deserves consideration within the ASFP progras.

Hovever, (he core damage probability generated b{ ASP analyeis
will alvays represent a lowver limit to the actual probability.
Increments of probability ~- often un-knowable in principle ==
vill arise from “abnormsal” conditions such as:

¢ gross operator errors (as at Chernmobyl Unit 4 in 1986);

* gross maintenance errors;

* design, construction or maintenance defects wvhich do not
become evident until systems are exposed to stresses arising
under unusual conditions (eg an earthquake within the design
basis) or in an accident environment;

¢+ dependent failures of identical or non-identical components
vhich do not become evident until systems are exposed to
unusual conditions or an accident environment; or

* sabotage.
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‘4 SHORT SURYEX OF PRA IN EUROPE

¢.1 WEST GERMANY

In the FRG, PRA efforts started early, inspired by the US
Rassussen-Study (WASH-1400).

The German Risk Study (Deutsche Risikostudie Kernkraftwerke,
DRS), formed b¥ Gesellschaft fur Reaktorsicherheit for the
Federal Minis or Research and Tochnolofy. wvas begun in
1976, Phase A of this study vas concluded in 19879, although
some of the technical reports cg’oarod a8 late as 1981, The
German Risk Study is a level III PRA for the Biblis B PWR,
including external asccident initiating events. In Phase A, the
methodol vas fairly close to WASH-1400; as in WASH-1400,
some initiati events vere explicitly excluded and reserved
for treatzent in Phase B (e.9., secondary-side sevents like
steam line break, and steas generator tube rupture). The data
base employed was generic.

Phase B started in 1981. The methodol vas developed further,
and additional initiating events were included. The data base
is partly plant-specific, partl ric, Official publication
of this study, originally expec for late 1988/early 1989,
took place on June 30, 1989, Only a summary of results is
available to date (DRS B, 1989).

In the period 1985 -~ 1987, a "Gersan Precursor Study® vas aleo
performed by Gesellschaft fur Reaktorsicherheit for Biblis A
and B. Due to the small basis of o.nrnt::x experience on which
this study is based, it is of very liai use.

Further, sore limited level I analyses have been performed
during licensing procedures for nuclear pover plants (e.g. for
Brokdorf, Grohnde, Philippsburg~2), analyses of certain safety
systems have been performsed by the plant sanufacturer KwU

(Balfanz, 1987).

4.2 UNITED KINGDOM

PRAs for Light Water Reactors vere introduced in the UK at the
beginning of the 80s, in connection with the Sizewell project.
US know-how was extansively employed. The two major efforts
are:

= The Probabilistic Risk Analysis contained in the Sizewvell B
PWR Pre-Construction Safety Report, submitted in 1982 by the
CEGB. It was a level III PRA including external events for
Sizewell B; the data base vas, of course, generic (US plants).

-« The Sizewell B Probabilistic Safety Study (WCAP 9991), 1982,
performed by Westinghouse Corporation (WEC, 1982), scope as
above.

42



Furthor vork based on those PRAS (revisions, sensitivity
studies etc) has been performed since.

4.3 SWIDEN

PRA studies wvere started early in Sweden. In the period 1976 =
J978, three studies on the probabilities of large releases in
Swedish BWRs were carried out on the initiative of the Swedish
Energy Commission (on Barseback 1 by Studsvik Energiteknik AB
::? the US~firm MHB Associates, and on Forsmark ) by Asea-Atom

In 1982, a nev initiative began: Level I PRAs are now performed
for all nuclear pover plants by the utilities, and are revieved
by the Swedish Nuclear Powver Inspectorate (SKI), in the
framevork of the ASAR (As Operated Safety Analysis Report)
programme. At present, PRAs for 10 out of 12 pYantu are
available; the remaining plants (Ringhals 2é4) are planned to
be aralysed and reported Ly 1990,

The PRAs include internal initiating events orly:; external
event analyses are being planned or are in progress. Several
studies have a scope which is further limited since certain
types of transients are not considered (Carlsson, 1987),

4.4 FRANCE

Systamatic PRA efforts were introduced in Frence relatively
late. Probabilistic methods have been used since 1980 as a
support for defining technical specifications of safety-related
systemse. in the period 1983-1985, partial analyses have been
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 eventa are not taken into account. levels II and III
of PRA &re considered to contain too many uncertainties and are
thus not performed (Moroni, 1986; Villemeur, 1987).

4.5 OTHER COUNTRIES

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

4.6 EASTERN EUROPE

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 (Legasov, 1988). In the last years, however, the
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 RATA BASE

5.1 INTRODOCTION

In order to determine the overall probability of & given
accident sequence K data characterizing each individual step of
the sequence are required. Those data fall iato different
categories:

probabilites of initiating (internal and external) events:
failure rates for components)

= failure rates for husan behaviour;

= characteristics of core melt progression;

-~ beshaviour of containment in different sequences.

In this section, we deal with internal initiating events and
component failure rates, i.e., with the part of the problem
associated with level I of PRA (except human behaviour which is
a topic of such vrucial importance that it merits special
treatasent).

loanding the initiating events, there is a vide spectrum
ranging from comparatively frequent occurrences (e.g., loss of
main feedvater in a PWR, with a frequency of occurrence in the
order of magnitude of one per year); to rare cvents which have
nrot been observed in cperating practice so far, but which can
by no means be excluded from consideration (e.g., large~break
LOCA, or resactor pressure vessel t.tlurt{. It is clearly a
major probles 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 encrmous scope and complexity are the data describing
component failure rates. There are numerous pumps, valves,
instruments, electrical swvitches and devices, etc., the
functioning of which will be required to prevent core melt
after certain initiating events. Purthermore, there are
diffsrent failure modes for most ~omponents, e.g.: a valve may
fail to open, or to close; with different probabilities in each
case. A pump nn¥ fail to start, or, having started, it may fail
to deliver; or it may fail after having operated properly for
some time. Failure to start on demand may be caused by a defect
vhich occurred in a component vhile it was idly on stand-by; or
it may be caused by difficulties in qattin? an intact component
started. The first contribution to the "failure on demand*
probability would be dependent on the time since the component
vas 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
example, the Germar Risk Study (Deutsche Risikostudie
Kernkraftverke. DRS), e.g., lists 1457 funct.> nal elements
wvhich cccur in its fault trees. For each eleme.t, 2 failure
rate must be given (DRS A 2/II, 1981). The failu“-e rates
themselves vary considsrably, e.g., the failure r 'te per Hour
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of stand-by tinme for different components as given in the
German Risk Study varies by almost 4 orders of magnitude (from
2,5E~5/hAr down to 4E-%/hr).

Frequencies of initiating events, and failure rates of
components, are never known with absolute accuracy. Strictly
speaking, each failure rate or event frequency is & random
variable. In order to arrive at meaningful results in a PRA,
information is required on the distribution of those randoa
variables; most importantly, on their possible deviation from
the mean value, and on the anount of correlation between the
different variables. Even disregarding all other complexities
and problems of a PRA, this statistical character of its input
alone means that a PRA can never galculate accident
probabilities; it can only satimate them.

Data used in PRA come from different sources; in particular, it
is important to distinguish the following levels:

general 1ndustr¥ experience;

data from fossil-fueled power plants;

data from nuclear pover plants;

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

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

trivial or straightforvard.

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 wvhich are better than
their inputs. The requiresents which have to be fulfilled can

be pointedly summarized as follows:

"A sound detarmination of failure rates clearly presupposes
that a 1 number of parts of the same kind are observed for
a long period of time under completely identical conditions,
and that the failures are registered during this observation®

(Lindackers, 1982).

The same-applies, of courss, to the determination of initiating
event t:::u-nctoo. Unfortunately, there are no generally
recognised, rigidly applied criteria determining how msany
individual parts must be observed for wvhich period of time to
allov meaningful determination of failure rates and event
frequencies; and there are no clear-cut rules to decide¢ wvhich
parts may be regarded as belonging to one statistical
population which is characterized by one failure rate.

Furthermore, there is no uniform practice for the registration
of failures, and the documentation of failure rates. The
problem lying at the bottom of this lack of uniformity and
consiste in the data base for PRAs is simply that in the
vast majority of cases, PRAs have to use data which wvere
coilected for other purposes, and hencs 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
oxample, the Licensee Event Reports of the USNRC are designed
for regulatory purposes, not PRAs (Apostolakis, 1965). The main
purpose of the IAEA's Incident Reporting System is to
facilitate exchange of inforsation on -’vn!ttecnt events
between nuclear plant operators and licensing authorities. The
reports vary greatly in detail and metho”cl of description,
although efforts are under vay to improve uniformity. Data to
be found in the literature are often incomplete and contain
only inforsation relevant for the specific e for which
th.z vere compiled. Thus, there may be no differentiation for
different failure mcdes, very ouotcux description of the data
sources, or only certain types of failures may be reported
(0.9, 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
vere used. However, for comparatively rare events (e.g.,
certain accident initiatiors, and common mode failures), this
vill simply not be possible for lack of cbeervations. Even for
other events, the data base vill often be sma.l, leading to
very large uncertainties in the estimation of failure rates and
event frequencies; and it will be necessary for the plant to
::vo © 1;:§.‘ for many years before meaningful estimates will
ava ..

Additional arbitrariness is introduced because there are often
several methods, each egually plausible, to combine different
data sets to obtain a larger data base for a PRA. The end
result can vary significantly according to the method being

Progress has been made towards the establishment of data bases
fos nuclear flnntu. In principle, it appears possible
that rwa.enagly uniform, well-classified and msutually
compatible data bases will be established; although this would
require much time and , and the political and econemic
obstacles for a world-vide integration are formidable. Even if
this aim wvere reached, hovever, risk analysts would face two
constrairts which can never be overcome!

0O Due to the complexities of data collection and compilation,
generic data bases can never be oonplotolx up-to~date. A lead
time of several years betwveen an observation and its

availability in a data bank has to be allowed for. Occurrence
of rare events, possible nevw phenomena, plant ageing,

technological change and other developments, and nev criteria
for data collection will be reflected in the data bases vith

inevitable delay.

0 If only plant-specific data are used, processing can
undoubtedly be faster. But in order to collect sufficient data,
a risk assessment based on plant-specific data can be performed
only aftey much of the plant's lifetime is over: The results
may come too late. Even so, generic data will have to be used

to supplement plant data.
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5.3 BACKGROUND

In the present-day data situation, arbitrary choices and
silplit{inq assumptions have to be made right at the beginning
of compiling a data base. The first simplification lies in
assuning constant failure rates and event freqguencies. It is
not taken into account that failure rates will generally be
higher at the beginning of a power plant's operational life, or
for nev types of components in the time after they have been
fitted. It is also assumed that components remain "as good as
new" 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 lognormally
distributed variables is fairly straightforwvard 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
dramatically, if the random variables are uncorrelated (i.e.,
if their fluctuations are subject to random errors only, and
not te systematic errors), as is generally assumed.

A lognormally distributed random variable is characterized by
ics median M (i.e., the 50%-fractile) and, most commonly, by
the variation factor Ky (simply denoted as K taereafter),
being the ratio of the 3st-trlct110 to the median (K=F,./X and
also, by the properties of the lognormal distribution, i-n/rs,
F¢ being the S%~fractile). K is a measurs for the bandwidth of
ugccrtainty associated vwith the variable. The mean or
expectation value E of the lognormal distribution is not egqual
to the median. It is larger than the median, the ratic growing
with K (see fig. 5.1).

The fundamantal 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
wvhether those conditions hold in the majority of cases.
Furtharmore, empirical investigations of data on failure rates
do not yield unambiguous evidence that the lognormal
distribution is appropriate. In many cases, it would seem 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
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final results - less convenient perhaps, but giving a more
adequate picture of reality.

Choosing distribution functions is a very complex and
fundamental problem of PRAs. We are not entering a more
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 %reated
further in section 6).

The sources of reliability data are in most PRAs arbitrarily
selected and combined in an arbitrary manner. This is due to
the lack of a consistent, comprehensive data base. In the
German Risk Study, Phase A, data were taken rtly from the
general literature, and partlz from a special evaluation of
operating exparience at the Biblis A and Stade plants (9
reactor years in all; note that the reference plant for the
German Risk Study is 3iblis B). The weight each source is given
varies from component to component, depending c<n the respective
quality for the data available. Even so, additional arbitrary
assumptions were requirad in some cases becavse otherwvise the
data would not have been detailed enough to serve as input for
the fault tree evaluation. For example, several sources did not
differentiate between the two failure modes "failure to start®
and “"succeseful start, subs t failure during operation® for
pumps, and the data were arbitrarily divided. Purthermore, the
literature sources, in part, were not independent (DRS A 3,
1980; Oko, 1983).

Thus wvas violated a very basic principle of statistical
methodology: First to plan the data sampling and evaluation
procedure, and then take and evaluate the data sample, rather
than choosing the evaluating procedure so that it fits
convenjently the data samples obtained. The consequence is that
the uncertainty of the results of the Germen Risk 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 *~oided. However, on the
other hand, the plant-specific data b: is extremely small in
some cases. The observation pericd is jears 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 thst the data base for emergency feedwater pumps
consists of about 8 failures in all, and fer cocmponent cooling
wvater consists of about 5 failures -~ a data base insufficient
for reascnable 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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analysis shows, however, that K should be at leas
3 - ' ' t twice that

In some instances, generic data had to be used in Phase B: For
safety valve failures, certain initiating events, and common
mode failures. Hence, it was not possible to avoid the
arbitrary combination of different data bases (Hortner, 1987).

In principle, a methodology is evailable for the systematic
combination of generic data with plant-specific information,
with the aid of Bayes' theorem (see, e.g., Mosleh, 1985),

The Bayesian approach in mathematical statistics is, in
general, subject to controversy. We cannot go into the details
of the differences hetween "Ba ian® and classical
"frequentist® theory 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.

The starting-point is Bayes' theorem for a failure rate 1:
£1(l/3) = t(l).L(J/l)/It(l).L(J/l).dl
vhere

£(1/J3).....probability density function of 1, given the
nformation J (posterior distribution)

£(l1)esssveapedit, 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 =,

At first, a two-stage approach vas attempted in the German Risk
Study. In the first step, the prior distribution was based on
data froa Phase A, wihile data frum Swedish, US and German
nuclear power plants constituted the information J. In the
second step, the posterior distribution resulting from the
first step-vas taken as a prior distribution, and plant~-
specific observations from Biblis B 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 powver plants. The information J
in the first atep 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 nuch more plausible to consider the data from non-
nuclear plants as prior information, and all nuclear plant data

50



(from Phase A pius information J) as the second set of
infcrmation.

Looking at both steps, it seeme highly arbitrary that data

two German plants (Biblis A and Stade) are qro:;od toqothortro.
with Swedish and US data, whereas data from Biblis B are taken
as a separate data set. Several other ways of combining the
data seem at least as plausible. For example, Swedish and Us
data could be taken as one set of information, and data frcm
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 B data. There are further possibilities
vhich we will not elaborate here. The point is not to propose
an alternative application of Bayes' theorem, but to make it
clear that the combination of data by this theorem can contain
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' theorem, rather than taken as
one set with one distribution.

from those considerations, it seems highly arbitrary that
Phase B of the German Risk Study selected, apart from plant-
specific data, data from & 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
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 wonld 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 wvere 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
noninformative prior was used in the German Risk Study to
deteraine the pcsterior probability density function. Although
a noninformative prior, in Bayesian statistics, is supposed to
be a "neutral®™ function which does not modify the information
at hand, there are again several choices open. The special '~
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
data base selection is the Probabilistic Safety Study of
Sizewell B, prepared for the CEGB by Westinghouse (wEC, 1982).
In this study, which is based on data from the US FWR
population, at least 21 § of the operating data base was
excluded. The omissions are not explained; some appear rather
convenient since they involve reactors where serious accidents
have occurred (TMI-2, Crystal River 3, Rancho Seco). Thirty-
four important precursor events were neglected in the
Westinghouse study because of those omissions (Thompscn, 1983).

The selection of incomplete data bases, as well as the
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 underestimation of the
bandwidth of failure rates, and hence finally to an
underestimation of the uncertainty of the final severe core
damage frequency result (compar: also 6.3.3).

The emergence of well-organized data bases can potentially
reduce arbitrariness both in selecting and combining data. The
available mass of data has certainly grown considerably in the
past years. At a recent international confersnce on
Probabilistic Safety Methods, one spaaker even coined the term
"data deluge® (7ragola, 1985). Yet the same author continues to
remark: "... despite the waterfall of rawv information being
generated by over 70 (NPPs) on a daily basis in the US alone,
and individual successes, the advance in published ard
available data has not improved as dramatically". He describes
four major US data bases vhich all have their strong and weak
points. No single data base covering a large number of yvears of
operating experience for all US plants in a consistent manner
seems to be available. However, there is significant potential
for future improvement.

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
MHB Technical Associates (Appendix SA).

In Europe, efforts are under way in the European Commu ity
(with Swedish participation) to set up appropriate data bases.
In the framework of ERDS (European Raliability Data System),
data on operational history of nuclear plant components,
abnoraal occurences, and unit productivity are being collected.
The fourth sub-system, howaver, the Reliability Parameter Data
Bank, was still in its definition phase by 1987 (Amendcla,

1987).

The FSAPACK (Integrated PC Package for PSA level I) recently
published by IAEA (Boiadjev, 1988) also contains a reliability
data base module compiled from 21 sources and containing about
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 critlcal
reviews of WASH-1400 that such data are cof little value. Apart
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from the arbitrariness involved in determining fajlure 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, 1988%5),

With growing complexity and size of data banks, the problem of
providing adequate access for the risk analysis will also grow.
Work is under vay to develop expert systems ("intelligent"
interfaces) in order to allow users access to data banks in
natural language. It remains to be seen how the problems of
incompleteness and vagueness of information in the data bank,
and also of possibly incomplete or imprecise queries, can be
solved efficiently (Amesz, 1%85).

Further developsment of data bases may face severe probleme: It
cannot be taken for granted that a continuous and growing
budget will be made available for such efforts, and that
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 methoderlogical approaches and regqulatory
requirements (necessitating a reorganization of data
collection) mey, on the other hand, counteract this trend.

In the past, the delay between the closing of the data base for
a PRA study, and the conclusion and publication of this study,
was in the order of several years: e.g., ¢ years for the German
Precursor Study; about 2-3 years for the German Risk Study,
Phase A; possibly more for Phase B; 1 to 2 1/2 years for the US
Precurror Studies; and 2 1/2 years for the Swedish SKI-ASAR on

Barsebéck (1985).

Thus, PRAs are bound to give a picture of a past state. Rare
events occurring for the first time can render them obsoclete
(1ike the Biblis A incident in December 1987 - an almost-LOCA
wvith containment s, vhich demonstrated that the
significance of this accident sequence is considerably greater
than was assumed in the German Risk Study, Phase A). New
phencmena can necessitate the inclusion of whole new types of
accident sequences (e.g., Hydrogen generation at TMI-2 in 1979
vas a phenomenon vhich 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 vesseis). Furthermore, any technolougical
changes, plant modifications, new criteria for data collection
etc. will not enter the Jdata banks immediately. This problem is
particularly severe when nuclear powver 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 properly
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 ropulationo. But for some failure modes, it will be
impossible, in the long run as well as now, to work without
generic data. Purthermore, setting aside this point, a PRA
using plant-specific data is more or less a posterior analysis.
In order to obtain a reasonably reliable data base, an
observation period of more than 10 years (often much longer)
will be required. Adding to this a couple of years to perform
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
on the horns of a dilemma: Neither the use of generic, nor of
plant-specific data can yield accurate results which are
available at an early date.
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6 BASIC METHODOLOGICAL QUESTIONS

6.1 INTRODUCTION

The subject of this section is the methodology of level 1 of a
PRA, i.e. the question: Given a nuclear plant, and a suitable
data base, how can the severe core damage frequency (SCDF) 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 vhich can be simply combined by
multiplication and addition. The inputs in fault and event
trees are random variables wvhich 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 discussion of this step
would have to concentrate in great detail on individual PRAs.
This lies ocutside the scope of this atudy. We can also not
enter the discussion on the merits of basic alternatives to the
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 segquences,
is discussed at length elsevhere (Oko, 1983).

A partial alternative to the usual fault tree/event tree
methodology is the "precursor®-approach based on the evaluation
of incidents which actually occurred. This approach .s treated

in section 4.

There are some methodological problems which zre of such
crucial importance that they are treated at length in separate
sections of this study. Common cause/common mode failures (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 FRA, which is obviously crucial
if the anralysis is to give meaningful results. Furthermore, we
explore the consequences of the fact that SCOF as determined in
a PRA is a random variable. Finally, the problems of possible
correlations of input random variables and their influence on
error propagation through the fault tree/event tree models are

treated.

6.2 SUMMARY OF MAIN PROBLEMS

A severe problem which continues to plague PRAs is that thelr
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 cdesigned), there always remains che 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 recognized
accident sequences are often overlooked, and it may be wrongly
assumed that their contributions are "covered" by another
segquence or class of sequences. Even major PRA efforts
performed so far show severe omissions: e.g., of steanm
generator tube rupture segquences in NUREC~1150 and the
Westinghouse PRA for Sizewell B; or of the V-segquence (LOCA
through connecting line which sses the containment) in the
German Risk Study, Phase B. In latter case, the V-sequance
vas at first considered to be a negligible contributor to SCDF;
the study had to be revised, hovever, after a very severe
precursor to the V-sequence occured at Biblis A in December
1987.

In principle, jptogress appears to bc 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. Purthermore, there is persistent reluctance on the
part of -nn¥ risk annlxtto to take into account controversial
expert opinion. Also, it must be noted that improved procedures
wvill also be more time-consuming and would result in increased
delays between the collection of basic information for a PRA
and its completion and publication. Por 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., vhethar the basic IAEA criterion (frequency of
SCD less than 1E-4/yr) is fulfilled, is it sufficient that the
mean (expectation value) of SCDF is below this limit? This does
not appear satisfactory because evan then, the probability that
the actual SCDF is higher than 1E-4/yr can still be
significant. Por example, the mean SCDF as determined in the
German Risk Study, Phase A, was 0,9E-4/yr. Yet, the probability
of SCDP being higher than 1E-4/yr is about 30 %, even accepting
the rather small uncertainty range as given by the authors of
this study. A more reascnable and conservative criterion would
be, e.g., to demand that the 99%~-fractile of SCDF must be below
1E-4/yr (i.e., the probability of SCDF being higher than 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 swmall, 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 99%-fractile (or the 95%-fractile) of SCDF were
used as the decisive yardstick.

This problem is significantly exacerbated by the fact that the
input variables are to some extent correlated - their
deviations from the mean value will to some extent fluctuate
u¥ce-lltieally, and not co-plotol¥ 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 zero, this increase in the variation factor alone -
all other things being equal - will lead to an increase in the
expectation value of SCDF. Thus, underestimation of variation
factors and of correlation will lead not only to
unrealistically small and misleading error margins (a.d hence
to 99%~fractiles which are too small); it will also lead to an
underestimation of mean SCDF. The problem of correlation is
ignored in present PRAs: zero correlation is generally assumed
for computational convenience.

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
are small. It must be noted that our calculations are based on
the assumption that probability distributions are lognormal,
which is an arbitrary assumption tending to underestimate error
margins.

6.3.1 COMULS NSRS

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
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 quantifving the probability of external
events; the large uncertainty assocjated with physical
phenomena affecting containment integrity (regarding level I1I);
and similar points. All those aspects are important and are
treated in other secilons 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
severe core damage (level 1), initiated by internal events, and
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disregarding complex forms of human error. The key guestions
are whether past PRAs have been complete in this respect; and
if there were deficiencies, are they likely to be resolved in
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
describing a specific accident sequence, combined with
relatively simple fault trees. Alternatively, the analysis
could be based on a small number of event trees, one for each
class of accident segquences under consideration, with very
detailed and complicated fault trees. Of course, compromises
between those two extremes are also possible.

It has been suggested that this situation represents a dilemma
(Hahn, 1985): An event tree oriented approach (large number of
specific event trees) could be more adequate to wmodel the
dynamics of accident sequences, but increase the danger of
overiooking sequences; whereas a fault tree oriented approach
could, in principle, achieve better completeness (since each
event tree covers a whole class of sequences), but would
neglect the dInlnic. of the sequences, vhich cannot be
incorporated into static fault trees.

On the other hand, it could be that employing a large
number of event trees might make it easier to approach
completeness. We do not need to pursue tais point further here
- it is a question of optimization within PRA sethodology, and
not directly relevant for ocur work.

The point which is relevant for this study is the inherent
difficulty to achieve completeness in a PRA - cither because of
the omission of initiating events, or because of the omission
of a particular sequence developing from an event which wvas
included in the analysis, because the fault trees employed do
not adequately reflect the dynamics of the accident.

It should ilso be noted that event trees and fault trees are
bin systems (only two statss are possible: 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
systems; 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 conseguence 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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underestinate of the real (severe core damage frequen

bacause the values of those sequences not -3-1y-.3“n.5¥’co be
added to the result based on the sequences which have been
analysed. This fundamental 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 somewhat different emphasis, another
expert states that “generally the cafety 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 11k01¥ frequency of the actual event sequences
may have been significantly underestimated by the safety
analyst®™ (Ballard, 1986).

The problem of underestimation 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
(categorized 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 thcse 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, 198%5).

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 gquestion is not whether all relevant
accident sequencas are in some way, howvever 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 u.u.lli not been the case in
PRAs performed to date. For example, in the USNRC's Draft
Reactor Risk Reference Documeant (NURBG~1150, 1987), accident
sequences initiatad by steam generator tube rupture were not
treatad for the Surry and Sequoyah PW) . It was argued that
their effects were covered by another sequence (the V-sequence:
LOoCh outeide containment via the low-pressure-injection
system). However, tha contribution of steam generator tube
rupture to severe core damage frequency is highly significant;
in the case of Surry, it can be about as much again as the
overall frequency ascessed in the first draft of NUREG-1150
(Kastenberg, 1988). In the Westinghouse Sizewell Safety
Analysis (WEC, 1982), steam generator tube rupture with stuck=-
operni gescondary pressure relief valves, as well as other
sequences were omitted (Thompson, 1583; Hahn, 1%8%5). In the
German Riek 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 SCDF was
expected (GRS, 1986). In the end, it was included again
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(Heuser, 1989); it is plausible to assume that the reason for

this latter change of attitude was not new, deeper theoretiral
insight resulting 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 1987.

A class of accident sequences systenatically excluded from
detailed treatment in all PRAs performed so far are those
initiated by reactor pressure vessel failure, because this
event is assumed to be too unlikely. In fact, it can be shown
that the reasoning behind this assumption is questionable. This
point has been traated in connection with Phase A of DRS (Oko,
1983), and is taken up here in detail in section 9.

Effective peer review, efficient and open exchange of
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
here, although absolute certainty that nothing has been
overlooked can of course never be aciaiaved.

Hovever, considering that in practice there are budgetary
constraints, tight deadlines, as well as changes in plant
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
fact ocuurred.

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
the plant under study) and the availability of the final PRA
results. The quality of the results might thus be improved, but
their usefulnese diminished (compare section 5).

€.3.2 Randomness of PRA results

It has aslready been pointed out (section 5) that the individual
event frequencies and failure rates vhich 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
rumbers which are inown 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 d'‘ameter and wall thickness, will not have exactly the
sare probability to break, etc. This kind of uncertainty is
aggravated by the fact that often, in order to determine, e.g.,
a failure rate, obsarvations 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 uvould not be determined
even if all components involved were exactly jidentical (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 problaem.

The SCDF, as calculated in PRAs, is a function of random
variables (failure rates and event frequencies) and, thus, is
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 mean (expectation value) of this frequency
to be below 1E~4/yr? This does not appear to be a very
satisfactory criterion, since even vhen the mean lies well
below 1E-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
authors of this study, there is a probability of 30 & that the
SCDF will be higher than 1E~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).
If we assume that error margins will be roughly like those in
Phase A, we would arrive at a probability of about $ § that the
severe core damage frequency is higher than 1E-4/yr.

The situation is similar for the US study NUREG-1150 (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 1E-4/yr. For sensitivity study 4 (diesel
generator failure rate increased), there is a probability of
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about 50 % that SCOF will be higher than lE-4/yr. The same
holds, in principle, for the results of the oozgnd draft of
NUREG~-1150 (NUREG~1150/2, 1989), which are presented in
different nanner.

Taug, it appears more appropriate to select a different
yardstick, e.g., the 95%- or the 99%-fractile of the SCDF
distribution. If the 99%~fractile were adopted (there is a
probability of 99% that the value of a random variable is lower
than its 99%-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
probab’ ity 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 Exzor propagation and correlation

It is evident from the above discussion that, in order to draw
meaningful conclusions from the results of level I of a PRA, it
is not sufficient to consider only the median or mean SCDPF.
Some measure for the bandwidth of uncertainty is also required.
Yet, there is no straightforwvard solution to the problem of
combining the error margins of individual failure rates and
event fre.uencies 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 ccmbined in
fault and event trees are not correlated. It turns out that
this is an unjustified simplification which leads not only to
underestimation 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. To
begin, let us take the nuclear plant being studied by a PRA at
a given moment in time, and (as a thought experimert) let us
assume there is an omniscient 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
absolute accuracy (from the viewpoint of classical statistical
theory, this means: The demon can predict the behaviour of the
whole plant, given that exactly the same conditions as in the
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poment under study will hold forever, for any period of time
she chooses; and hence can determine with any desired degree of
accuracy vhat 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 an
arbitrary 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
the deviations between the two sets of values (formulated with
more mathematical rigour: If such a comparison is performed
many times, there will be no pattern in most cases; there might
be a pattern occasionally, but it would be meaningless,
produced by pure chance). On the other hand, if all random
variavies are completely correlated, comparison of the
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 alsc be inaccuracies associated with data collection
and 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.=

If there is a partial correlation, the pattern of deviations
would not be rigid, but it would show clear trends, i.e., tre
majority 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
mathematical convenience, and/or to the belief that th¢ 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 which
are so large that the results are practically meaningless.

It is fairly obvious that the failure rates cf nominally
identical components will be highly correlated. Indeed, it has
already been suggested that complete correlation should be
assumed in that case, and that omisseion 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
commor trend in actual plant data: Because of the effects of
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varying levels of quality control, maintenance and repair,
personael training, general "safety culture", etc., and also
because groups of components which were produced at about the
same time under similar circumstances may have been used in the
plant, there will be correlations among data. Thus, failure
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 fluctuation; but it
could be rather high.

0 Fcr 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 ). Genaral "safety-consciousness® mey vary
considerably (during long periods of uneventful operation,
after severe mishaps, etc.), which will affect the quality of
plant supervisi~i, maintenance and repair work, and the like:;
trends may be produced by plant ageing, by the introduction of
nev equipment, etc.

To illustrate the effect of correlations, we will use the
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=2,66; and for
K=30, E/M=8,48. This ratio grows rapidly for high values of K
and reaches, e.g9., 279,7 for K=250.

The consequence of this characteristic of the lognormal
distribution is that - all other features being equal -~ growing
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 the system under
study. Failure rates and event frequencies are probabilities;
as such, their possible range of values is limited to the
interval from 0 to 1. They are mostly located rather near the
zero end of this interval. Thus, in their random 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 expectation 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

64



correlation between the variables (since uncorrelated
fluctuations will partly compensate each other, vhereas
correlated fluctuations will always reintorce 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 95%-fractile.

When cne adds lognormal variables, the expectation value of the
sum is the same for the correlated and the uncorrelated case.
The median of the sum js smaller in the correlated case.
However, the 95%~fractile is 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 95%-
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 from the firet
draft of NUREG~1150 (for an auxiliary feedwvater system with 4
valves and 3 pumps plus their drivers; see figure 6.1, and also
figures 7.2 and 7.3) with fajilure rates for individual
components as given in NUREG~1150, and calculated the frequency
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);

- 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:

For K=7 (individual failure rates), the expectation value for
the top event in the case with partial correlation is higher
than the uncorrelated case by a factor of about 4, in the case
with full correlation by a factor of approximately 12. The
bandwidth of the results, as expressed by the square of the K-
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
par<ly 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-factor considered (K=3), are the
results reasonably well-detormined. 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 ssall K
factors) can some degrea of accuracy be reached, if
correlations are present. At the present stage of data bases
such small variation factors can hardly be reached. i

(The example also demcnstrates the importance of realistic K-
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
larger (by a factor of 7) because in our example, we have kept
the individual medians constant wvhen 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 tc come
to terms with the correlation problem appears to be to
consistently make very conservative assumptions - i.e., assume
complete or high correlation whenever in doubt.

6.3.4 concludindg remark

The difficulties of performing even an accurate level I PRA
seen overvhelming. All the problems with variation factors,
error propagation, correlation etc. could only be completely
solved if "ectual" data for event frequencies and failure rates
wvere available. Unfortunately, sven the concept of "actual"
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 instanta~eous data collectlion, in order
to aveid not only the problems of data and methodological
uncertainty, but also of “ime delays.) Unfortunately, such a
being either does not exist, or if she exists, it is not known
howv she could be recruited for a PRA.

6.4 SUPPLEMENT: MONTE CARLIO SINULATION OF FAILURE RATES

Basic apnroach and assumptions

Let F(R) be the failure rate for a given component R. We assume
that P(R) is lognormally distributea with a median value MN(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) = Pg(R) * Py(R) * M(R) (6.1]

wvhere
Po(R) is the contribution of the correlated part of P(R)

P,(R) is the contribution of the uncorrelated part of P(R)

and both, P, (R) and P,(R) are lognormally distributed with
nedian 1. Tgul. the extent to which P(R) is correlated to the
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failure rates of other components can be expressed by an
appropriate choice of K.(R) and (R). According to the
sultiplication rules for lognormally distributed variables, the
following equation must hold:

In?(K(R)) = In®(Kg(R)) + In3(K,(R))  [6.2)

Depending on the underlying assumption on correlation, K.(R)
can be assigned a value between 1 and K(X), thereby uniguely
deternining the value of Ky(R).

This is a v.tY sizple model for the incorporation of
correlations in fault tree analysis. The issue of correlation
is in need of substantial further study, and it must be assumed
that realistic models villi be considerably more complex.
However, we regard our model us sufficient to illustrate the
considerable intluence of correlation on PRA results.

Ihe NUREG-1150 fault tree

For a demonstration of the influence of the K-factor and the
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 fault tree

does not include dependent fajilures. 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 = vlﬁvz*v, + Vytvatv, ¢ VitVatVy + Vatvaty, ¢ (t+py) *
((Vg+Vvg)*(Ma#Pg) + (Va+v )*(Wy+Py) + (My+Py)*(ma+py))
[6.3)

wvhere, to save space, v,, , 4 and t denote the failure rates
P{vy), P(my), P(}4) and P(:i tr&n NURBG~1150 (first draft),
App*ndix J, table J13.15, and vhere UNAVAIL is the system
unavailability, corresponding to the fault tree top event.

The following Monte Carlo simulation is focused on the
statistical properties of the UNAVAIL random variable.

In order to faciliate calculation, we assume that the
correlated part is common to all cumponents (valves, drivers,
and pumps), i.e.

Pc - ’c(vi) - ’c(‘i) . Pg(pi) - Pc(t) '

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 gqualities of the

results.
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Furthermore, we assume that the component fajlure rates as
given in NUREG-1150 are median values, thus:

N(vy) = 4,3 * 1073 per demand
N(my) = 1,65 » 103 per demand
N(py) = 1,65 » 10° per demand
N(t] = 3,18 » 1072 per demand

S§ix independent Monte Carlo simulations nave been conducted,
each consirting of 1000 simulation runs. In each simulation
run, 11 values are created, being realizations of 11
independent, lognormally distributed random variables, to be
used for the 11 basic failure rate variables ( P, (v,), P (vy),
B0, 58(3).

’(V)l"v”( ) Pyl ¢ P y Pu(my),
P“ )? Tho“lt‘tiot!czl proaogeloo 85’!&. @ ; 3c. 3£ 1 00
random variables each are as follows:

S§~fractile median 95s~fractile nmean

data set #1: 0,218 0,985 4,816 1,540
data set #2: 0,215 0,985 4,459 1,494
deta 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
data set #6: 0,222 1,608 4,693 1,542

There is reasonable agreement between the data sets. This shows
that reliable results could have been obtained by only using
one set of 11 * 1000 values.

For the simulation, two steps are necessary:

(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,
common t8 all oo-pSnout-, determines the variability of
P,(R) and P.(R) through the values (R) and ‘F‘.) using
txr-ula [6.9]. The basic data sets have to be "squeezed"
or "spread® according to those K-factors. The simulated
individual failure rate results now from multiplication of
!rgl); P.(R) and N(R), the msdian failure rate from NUREG~-
1150, e.

P(vy) = P,l(vy) * P, * (V)
rizg) - Pa(v3) * PS * M(V)
etcC.

(2) the simulated individual failure rates have to be
added and multiplied according to formula [6.3), yielding
the probability for unavailability of the whole systenm
(UNAVAIL).

68



Monte Carlo simulation of the selected fault tree - results
The points to be demonstrated are:

- an increasing K-factor for individual failure rates
increases the K-factor of UNAVAIL, the unavailability of
the whole system, and

- an increasing correlation factor leads to higher
uncertainties (K-factors) of UNAVAIL.

The 95%~fractile is the value which, with a probability of 9s%,
the failure rate will not exceed. The expectation value (mean)

of a lognormally distributed variable is always higher than the
median. Apart rom the K-factor, median, mean and 95%-fractile

of UNAVAIL are given below (unit: failure per demand).

(1) Under the assumption of uncorrelated failure rates, the
increase of individual K-factors from 3 tc 10 yields an
approximately linear increase of the K-factor Ky for UNAVAIL:

3 Kx median mean 95x~fractile
3 3.‘ '-O ’.' 3.‘0 - ’g.‘ E" ‘.’7 - ".‘ !-. 10‘ . 1!3 E-s
5§ 6,3t 7,0 4,64 - 5,20 E-6 8,18 -~ 9,16 E-0 2,5 - 3,4 E-5
T 7,6 to 10,1 6,03 - 7,13 E~6 1,390 ~ 1,83 E-5 4,7 - 6,5 -5
10 11,3 to 15,4 0,81 - 1,02 E~§ 20“ - 3,31 E~§ ,00 - 1,3 E~4

(2) For each K~factor, three cases have been analysed: no
correlation (nec, (R) = 1), total correlation (te, (R) = 1),
and intermediate correlation (iec, (R) = Is(l)). For X(R) = 3,
the Monte Carlo simulation showved folloving development:

corr, Kt median mean 95x-fractile

-6 4,37 - 4,086 E-6 1,1 - 1,
". 7003 - .01. E-‘ 2;. - J" E‘Q
-6 1,12 - 1,34 E~5 5,2 - 6,4 E-5

ne 3,1t 3,6 3,40
ic 10,2 to 10,8 2,7
tc 21,2 to 24,3 2,40

w
S %3
mmm

3,61
3,24
2,75

(3) The same kind of development can be observed for K(R) = §,
K(R) = 7, and K(R) = 10. For these cases, however, the K-factor
grows to dimensions of several orders of magnitude:

K(R) = 8.

cory. K1 median mean 9b5x~fractile

ne £ 3to 7,0 4,64 - 5,20 E~6 8,18 - 9,16 E-6 2,5 - 3,4 E-
ic 29,0 to 34,7 3,15 - 4,02 E-6 2,11 - 2,61 E~§ ,901 - 1,3 E-
tc 87,9 to 107,3 2,33 - 2,84 E-6 4,70 - 6,52 E-5 2,1 - 2,8 E-

L IR RS
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K(R) = 72

corr. Kz median mean 96%-fractile
nc 7,6to 10,1 6,083 - 7,13 E~6 1,390 - 1,63 E~8 4,7 - 6,5 E-§
ic 58,0 to 77,2 3,61 ~ 4,82 E~6 5,05 - 6,77 E~5 2,1 ~ 3.5 E-4
tc 224,1 to 285,3 2,29 -~ 2,90 E~6 1,39 ~ 2,17 E-4 5.4 - 7,6 E-4
corr. K1 median mean 95x~fractile
nc 11,3 to 15,4 0,81 - 1,02 E~5 2,65 - 3,31 E~§ ,96 - 1,3 E-4
i¢c 120,0 to 168,86 4,36 - 5,92 E~¢ 1,40 - 2,23 E~4 5,2 - 9,3 E-4
tc 04,4 to 804,2 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 fajilure rate (K-factor) and the

correlation between failure rates. A wrong assessmsent of these
aneters may lead to considerable errors in fault tree

par
quantification.

For instance, if it is assumed that K(R) = 3 and failure rates
are uncorrelated, whereas in fact, K(R) = 7 and there is
intermediate correlation, a twenty-fold unde-estimation of the
uncertainty bounds is the co (more complex fault trees
may even yield highar underestimation rates). The real
expectation value is underestimated by more than one order of
magnitude and the 95%-fractile by a factor of 30.

Inspite of the limitations of our numerical simulation, our
findings car be generalized. The incorrect assessaent of
failure rate properties (K-factor and correlation) may lead to
serious misinterpretations of PRA results.
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DREPENDENT PAILURES

~

7.1 INTRODUCTION

Failures of safety systems or components in case of demand are
not just isoclated random events. Their occurrence is influenced
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,
meintenance and accident management influence each other ir
Bany ways.

With growing data bases and the development of analytical
methods in the last years, it became clear thet

" the ability to estimate the risk of potertial
reactor accidents is largely determined by the
ability to analyse statistically dependent
failures " (Fleming, 1983)

To highlight the importance of this field, it was even said:

* Indeed the considaration of indcpendent
failures of the components of multiply
redundant train systems has almost become of
academic interest only " (Ballard, 1985)

Table 7.1 shows a ctlassification of dependent failure types
that are encountered in probalilistic risk assessment (PRA).

Intersystem 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 a ch usually employed: At
first, individual system unavailabilities are determined by
neans of fault tree analysis. Subsequently, those are combined
in event trees to assess core damage frequency. It is clear
that, where such an approach is used, intersystem and
intercomponent dependencies have to be treated separately and

by different methods.

Nuclear power plants employing Light Water Reactors of current
design are eguipped with redundant active safety systems. This
reduces the overall failure probability and allows for single
failures without disabling the wvhole systeam. The degree of
redundancy varies according to the regulations in different
countries from (n+i)-systems (2*100% or 3+*50%) which allow for
one single failure to (n+2)-systems (3*100% or 4*50%) which
permit one single failure while another subsystem undergoes

repair (Anderson, 1986).

Diverse systems are sometimes installed in especially
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,
girzrltty has the potential of reducing the impact of dependent
ailures.

However, diversity does not imply complete independence.
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 involv.d diverse systems
(Ballard, 1985).

Dependent failure analysis therefoce is focused on dependencies
that can lead to failure of two or more redundant or even
diverse systems or components. It must be emphasized, however,
that the failure probability of a single component is also
influenced by dependencies (see Chapter 7.3.4.1).

When analyzing the dependent failure probability of multiple
systems, two basic aspects have to be dealt with (see table

7.1)8
- Common Cause Initiating Events
- Intersystem/Intercouponent Dependencies

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
example earthquakes and plane crashes, as well as internal
fires or floods. One difficulty in analyzing this class of
events is that the usual procedure of fault tree analysis
(definition of a top event - system unavailability - which is
traced to the failures of individual oonronont.) s turned
around. Here we are dealing with an initiating event and its
loads on relevant systems. The task is to find out what might
happsn as a consequence, and what is the probability of
occurrence. (External initiating events are discussed in
section 13 and vill not be treated further here.)

Human action as a common cause initiating evant is associated
vith a very high uncertainty range in probabilistic risk
assessment (Fleming, 1983). No complete specification of the
events which have to be analysed is available. Obviously,
however, the human potential for errors is unlimited, even
disregarding intentional acts )like war or sabotage, which are

not included in PRAs.

A detailed treatment of "Human Errors® can be found in
section 8. In discussing dependent failure analysis, however,
this topic cannot be omitted. Human errors also play a major
role regarding the second class of dependent failures
identified above, the intersystem/irntercomponent dependencies.
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
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design and construction errors making a component inoperable at
the time Vhen 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;
Ballard, 1985; Ballard, 1286; Meslin, 1989).

Looking 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 Procedurcs
Guide (NRC, 1982b). The case of physical interaction could be
regarded lorolx 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
failures which have occurred, the dependencies causing the
failure vere 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
led to complete system unavailability. No explanation could be
found (NZA/IRS 614, 1986).

In the next chapters the methods currently in use for dependent
failure analysis in probabilistic risk assessment will be
discussed. It is beyond the scope of this study to treat every
-1nglo sethod and model proposed in the literature for
analyzing dependent failures. Thus, we focus on those methods
wvhich have been used in official PRAs so far. The discussion
will be restricted to multiple failures of reaundant and
diverse systems and components, sometimes referred to as common
cause failures (CCFr). 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 .xnlslo CCF of diesel generators i case of station
blackout). No distinct on vill be made between these cate-

gories.

7.2 SUMMARY OF MAIN PROBLEMS

Although dependent failures are considered only to a very
limited degree in most PRAs, it has become evident that they
are major contribucors to the overall risk of nuclear power
plants. Therefore, the adequate treatment of dependent failures
is of special importance for achieving reliable overall
results.

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 methodclogy. It is
questionable whether it will be achieved in the future.
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Dependent 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
second class, identification of the causal relationship might
be possible but it cannot be included in a PRA. "Operator erzor
causes loss of tws redundant systems" is an example for the
first class, while a "design error in redundant pump controls®
is a typical example for the second class.

T?il section deals mostly with dependent failures of the second
class.

To overcome the ditticultxtvhich arises because these failures

cannot be included explic

ly in PRAo, the usual procedurs is

to dsal wvith them statistically. Based on experience, failure
rates 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.

Ih:{ tre supposed to cover all possibilities for multiple
ailure.

The main problems of this methodology are:

This methodol is, in principle, svitable for redundant,
i.e. multiple identical systems only. Dependent failures of
diverse oxotoun cannot be systematically considered. Possible
dependencies betwecn completely different systems cannot be
modelled. In fact, analysis of common cause failures is, at
present, alwvays restricted to multiple failures of redundant
systems. Experience, however, has shown that many observed
dependent failure events have involved diverse systems.

Although common cause failures are major risk contributors,
their occurrence is very rare. Thus the data base is in many
cases not sufficient to perforam a meaningful statistical
evaluation, even when using generic data. As a consegquence,
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. Thur, the results as obtained trom
the data base by different analysts can differ by several
orders of magnitude. Thic¢ is an indicator of the extent of
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
importance of dependent failuree, which assumptions are again
based on engineering judgment and degree of belief.
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7.3 BASIC PROBLENMS OF CCF ANALYSIS

Probabilistic risk assessment suffers from the problem that its
methodology is primarily focused on the evaluation of
independent failure 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:

" It is interesting to note, however, that every
time an attempt has been made in a PRA to
extend the modelling of dependent events below
the component level, new, inmportant, and
sometimes dominant contributeors to risk and
system unavailability have been identified. It
is unfortunate that we seem to experience the
grontoot difficulties in analyzing such

mportant 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).

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
vhich was admitted concerned the smergency power supply by
diesel generators. A subsequent evaluation of generic data for
CCPs 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 "Pailure of Core Cooliny after lLoss of Off~-
Site Power® would lead to an increase in system unavailability
by less than a factor of two.

Wwith this approach, only a small set of possible dependencies
can be accounted for. Purthermore, the results of the data
screening procedure cannot be rejarded as adequate and
conserv tive, as will be discussed later. Hence, the increase
by a factor of twe must be regarded as a lower bound.

Figure 7.1 shows an estimate for the common cause contribution
to SCDFP, for the four US plants (Surry, Peach Bottom, Sequoah
and Grand Gulf) which were analysed in the draft NUREG-1150
(1987).

For the base case shown in figure 7.1, the CCF rates were
reduced artificially by interpreting generic mean values as
95s-fractiles. Therefore, the upper bound values should be used
for cowparison and interpretation. NUREG-1150 (draft) further
underestimates CCP rates, since only intercomponent common
cause failures were considered. This significantly affects the
contribution of common cause failures to the severe core damage

frequency.

In the PRA for Sizewell B (WEC, 1¢82), the conclusion was drawn
that common cause failures play only a minor role. Increasing
the CCP rates for nesrly all safety relevant systems by a
factor of five only yielded an increase by a factor of four for
severe core damage freguency (Vavre«, 1985). As wase pointed out
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by Hahn, however, the CCF probabilities are seriously
underestinmated in the Sizewell B study due to unrealistically
iov cut-off values (Hahn, 1985). Recalculation of CCF rates for
SORe systems, based on generic data, resulted in significant
increases of system unavailabilities (ranging from a factor of
three for the high pressure injection system to a factor of 100
for the reactor scram systes).

Includi dependent failures into the methodology of
probabilistic risk assessment is a very difficult task. First
of all, data are very rare, and therefore plant specific data
cannot be used. Hovever dependent failures are often thought to
be highly plant specific (NUREG-1150, 1987). Thus, the use of
generic data is highly questionable.

Furthermore, generic 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
than on a reliable and systematic methodology.

Another problem is that the analyst must seek to identify all
g:ootblo dependencies in the plant under study. This goes

yond the oaonhtxttr of classic fault tree analysis.
Therefore, de es on the intercomponent level have to be
included explicitly into the fault tree structure. The result
is that the systems fauit trees, which are already very
complicated, even more complex. In many cases, fault
trees have to be simplified again in order to make them less
unwieldy. This simplification again requires assumptions,

guided by judgment alone.

On the intersystem level, two methods have bean recommended by
the US PRA Procedures Guide (NRC, 1982b). One method is to
explicitly incorporate dependencies into the event trees with
defined boundary conditions. The ovntl.bllitz of one train of a
safety systea is, thereby, linked to the avallability of
another train. The other method is to link system fault trees
and sn.lxoo the result for possible dependencies. Again,
restrictions have to be made, since data handling becomes the
major problem for both methods.

Finally, the a7ailable data have to be incorporated into a
model, and t i) mocdsl must be applied to the identified
dependancies. Usually a parametric model is used, like the B~
Factor or the Binomial Failure Rate model which will be
described later. It might be assumed that this is the most
accurate step in the wvhole procedure. However, the treatment of
events vhich have not yet actually occurred, and are therefore
accompanied by substantial uncertainty cannct be based on
reliakhle mathods.

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
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ieast the possibility that the analyst simply ove
potential contributors. 4 Ply riooked

In the next chapters, these basic problems will be dis
detail and illustrated by examples. cussed in

7.4 COMMON CAUSE ANALYSIS IN PRA

7.4.1 CCr _nModels
7.4.1.1 Description of CCF Models

In recent years, various models have been developed to include
common cause failurce in probabilistic risk assessment,
::::o 7.2 summarizes the treatment of CCFs in some selected

All models mentioned in table 7.2 are raranotrlc nodels.
Although other types of models are availlable (Fleming, 1983
NRC, 1982b), only parametric models have been applied
succesfully in PRA up to now. Therefore, only the parawetric
nodels vwill be discussed here.

The available models are:
- Square Root and other Coupling Methods

The square root model used in the Reactor fufety Study
assumes that the “ailuvre rate of twy cosponents is the
geonetric mean of tha valuves lor total indejendence anu
total dependence. In the Gevwan Risk Study Phase A, this
nethod vas devaloped further for human errors by
considering several types of coupling.

= Cut-0ff Method

The cut-off method assumes that, bx adding further
redundancy, the system unavailability cannot be reduced
beyond a certain value. This value io added to the
probcbtlttl of independent failure for a redundant item of
equipment in order to derive tihe overall rollubilgty of
the _system. Por Sizewell B, cut-off values of 10™° ard
10~ vere used.

Both models are ad-hoc methods with no empirically founded
justification. Therefore, they are only suitable for
sensitivity analysis, to get a feeling for the possible
unaccounted contribution of CCPs in PRAs that consider
independent failurs modes only.

- Marshall-Olkin-Model
The Marshall-Olkin-Model is a very general model for

describing a system of several trains. For each
combination of multiple and single failures, a failure
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rate must be specified. The time of occurrence of wach
comdination is assuned to be exponentially distributed.

Since the data which would be required are not known in
:0.:':ll00. the Marshall-Olkin-Model is usually not used
n .

«~ B~Factor Method

The B-Factor method was the first method which linked
independent and dependent failure rates. The factor 8
denotes the fraction of the sum of all (dependent and
independent) failures that is due to dependent failures.
The B-~Factor method was ortqlncl)¥ intended t2 be used for
two-fold redundancy only. Its application to systems with
higher redundancies is bclieved to overestimate the system
unavailability.

The main characteristic of the B-Factor method is that the
detaraination of 8 is based only on the evaluation of
experience, and no assumption is made as to the
probability distribution of multiple failures.
Furthersore, common cause failures are treated
statistically. No specifications are necessary concsrning
the underlying cause of failure events.

In cano o7 insufficient data, a value of B=0,]1 is often
assumrd a2 2 reascnable estimate for all components
(DRS, 19797 Woavscen, 1986).

- Basic Parame.er Model (BPM)
= Multiple Greek Letter (MGL)

The BPM and MGL models both are extensions of the B-Factor
msethod to hi redundancies. Both models have been shown
to be equivalent (Fleming, 1986). Differences between the
BPN and NGL models can arise because the input variables
usually cannot be determined uniquely from the available
data. For both models, as many raralntor. bave to be
deternined es there are trains in the systsm. For these
paramsters, the same holds as vas said about the A-Factor.

The main simplification in the BPM and MGL model is that
the failure rates a~e regarded as dependent cnly on the
number ¢f trains that are involved (symmetry assumption),.
No distinction is made among the various combinations ot
nent failures vhich can lead to the same number of

failed traine.

As an example contrary to this assumption, note that in
German PWRs two of the four trains of the decay heat
resoval system are interconnected with the heat removal
system of the spent fuel storage pool. For such systenm
configurations, the assumption of symmetry is not valid.
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Both models are restricted to the analysis of redundant
lyotzr:a Dependent fajilures of diverse systems cannot be

- Binomial Failure Rate (BFR)

The BFR model is a specialization of the Marshall-Olkin-
Model, originally intended to be used in cases where data
are sparse. In addition to the assumption of symmetry as
nade 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 fail in
case of the occurrence of the shock.

A more general version of the BFR model disti ishes
betwveen "lethal shocks® which affect all redundant
components of the system, and *non-lethal shocks".

The BYR model alvays includes four parameters, regardless
of the degree of redundancy of the systems.

The sain difficulty in using the BFR model L& that, based
on observed failure rates, assumptions have tc be neds
regarding vhat constitutes a "noun-.athal shocY” and »
*lethal shock®. This again must be guides by «rgineering

Indgmant .

As vill be discussed later, the assumption of a binomial
distribution is not validated by sxperisance and must be
regarded as totally arbitrary.

The BFR model, like the BPA and MGL models, cannot be used
for modelling dependent failures of diverse systems.

The BFR, BPM and NGL models arn recommanded by the first draft
of NUREG-1150 and by Fleming (1986) for use in PRAs, on the
basis of the suthors' sxperience in application and their
judgwent that the underlying assumptions are reasonable.

- Multiple Dependent Failure Fraction (MDFF)

The MDFF model is an extension of the B-Factor method.
Like the BPM 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
distribution of the number of affected trains.

concluding, we note that the mcre advanced parampetric models
can be divided into two categoriss. BPM and MGL (as well as the
B-Factor method) are purely empirical models, vhereas BFR and
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MDFF are semi-empirical models, which make use of assumptions
about the probability of dependent failures, to supplement the
empirical data.

The problem is that vhen sufficient data are available, there
is no need for additional assumptions, whereas if the data base
18 not sufficient, additional assumptions are required, but are
to a large extent avbitrary.

As will be discussed later, the data base is often very poor,
particularly for failures of highly redundant systems. Thus, at
ptoo:::. none of these models can be expected to yield reliable
resu .

7.4.1.2 Comparison of CCFr Models

The first draft of NUREG-1150 and Fleming (1986) compared the
8-Factor, the Basic Parameter, the Multiple Greek letter and
the Binomial Failure Rate models. A simplified auxiliary
feedvater system of typical US design vith two motor driven and
one turbine driven pump and a shared condensate storage tank
vas analysed. Four motor driven and one manual valve complete
the systam. In figures 7.2 and 7.3 the schematic of the
components and a reliability block diagram are shown.

Takle 7.3 sicvs Flexing's resulta for the different CCF-models.
In addition, rasulta are shown for (he case vith all B-Pactors
equalliing 0,1 and for tiiv case of indepandant fallures only,
Both vere calculated Ly the suthors using PSAPALX (Boiadjiev,
1988), following the pro -dure descr’'wd by Flening (196¢).

The most significant result is that, if only independent
failures rre considared, the system unavailability is
underestiaated by neaily three orders of magnitude. Applying
the B-Factor Model is shown to be slightly concervative
compared to the more sophisticated methods. Setting all B~
Factors equal to 0,1 is not a conservative approach.

Regarding the BPN, MGL and BFR models, Fleming and NUREG-1150
(draft) conclude that a good agreement between theso mcdels is
achievable, provided there is a consistant general framewvork
for nItton. unaxg::o and a consistent interpretation of the
underlying data .

Hovever, it is possible that the consistent interpretation of
the data base leads to distortions in the application of the
different models. Por example, the parameters of the BFR nodel,
in particuler the conditional probability for component failure
in case of non-lethal shocks, vere 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 MGL, the B-Factor,
the BI'R and the MDFF models, using a rather detailed data base
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for redundant diesel generators as input (Hirschberg, 198%)
(see table 7.4).

Cbviously, the main difficulty is the treatment of the

qua le event, no occurrence of which had been observed. For
the MGL method and the direct data evaluation, Hirschberg
ASSURGSs ONe Qua le failure as upper bound. The other two
models do not require such an assumption. Fleming (1986)
recommends the use of a noninformative prior l-d’-tributton.
and the calculation of a posterior distribution for the model
parameters according to the data base and applying Bayes'
Theorem. The mean value of this posterior distribution can then
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
possible common cause failure situations 2 of 4, ) 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, felloving the Bayesian procedure of Fleming (1986) and
assuming no quadruple failure.

The agreemant between the different models is not as good as
vas achieved in the NUREG~1150 comparieon, but the
discrepancies between che models for the 2 of ¢ and the 3 of ¢
cases can be regarded as well vithin the erpected uncertainty
tarnge. For these cases, the sophisticated nodely do not ofter
sny sdventages comptried te the relalivly simple £-<Factor modal.

T™he crunial point is the 4 of 4 case, for which all approcaches
sust ¢ coneildered arbitrary due to the lack of data. This
point gains additional significance since in some more recent
PRAs, for example in the Phase B 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 (Hortner,
1986a).

There is good reason for the ass ion that failure of ¢
components is less likely than failure of two or three
components. Purthermore, 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, ths conservative S-Factor model should be used in
such cases, vhich are quite frequent in the field of CCF
analysis. An additional advantage of ultn? this model is that
its incorporation in fault tree analysis is much less
complicated than for othar models.

7.4.2 Eault Tree 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).
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For the simplified auxiliary feedwater system of NUREG-

already discussed above, the eonooquonooyvco that the nizzgr.:t
ainimal cut sets vas 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 va; of guaranteeing that all possible contributors
are included (Fleming, 1986). haybe use of the simpler 8-Factor
model (which in addition yields conservative iesults) is the
only way to deal with this probles.

Furthermsore, apart from redundant identical components, diverse
components and even completely different systems can be
invoelved in common cause falluraes.

In summary:

" The number of different combinations of com~
ponents that can be hypothetically linked by a
single coamon cause event ie essentiall
unbounded. Hence, a truly general tornn!ntlon
of a piant-leval dependant events model s very
difficult to express, ad vhan expressed,
inpco~ible to solve. Feeping the nusber c?
possibaiitian ailowed for in the wodels at »
pansgeable level wiil continus to require
judgment guided by f{eedbuck from operatiing

rience. Such ) ts, hovever, are not

ike the numerous judgmants that need to be
sade by a systems analyst to account for inde-
rendent events® (Fieming, 1966).

The situation becomes evan more complicated when intersystes
dependencies have to e considered. For reactor types where the
redundant safety systems consist of msultiple trains wvith fev
interconnections (for example the Gersan KWU plants), systea
fault trees usually are constructed separately for each train
and are then combined to event trees. The recommended procedure
of defining boundary conditions for the event tree (see 7.3)
and thus explicitly incorporating the dependencies (NRC,
1982b), vhich seems to be the most common approach to CCr
anclltto. 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 vwith this method
is that the parametric models do not consider the mechanisas
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), cnce
identified for a specific plant or accident sequence under
study, have to be incorporated separately.

We conclude that classical fault and event tree analysis,
developed for independent events that were originally assumed
to be risk-dominating, is not an appropriate methodology to
assess the impact of dependent failures. To combine this



methodology with a model for common cause analysis leads to an
imBense oxroudtturo of analytical work, and requires
::::10.:-» ® judgment. No PRA has ever completely achieved this

7.4.3 Rata Collecting and Proceseing

Data collecting and procossi is the most important step of
the analysis of de ent failures, especially if parametric
nodels are used. 8¢ models are not concerned with the type
of the dependency and the cause of the failure; they
coencentrate on probabilities only.

The tzpoo of dependent failures which can occur, and their
impact, depend on the design of the plant under study, the
conditions during accident oo?uonooo. and the crganisation of
testing and maintenance at this plant. Therefore, the usual
procedure applied in CCr-analysis is to begin by collecting
data on rates for independent and dependeit component failures,
subsagquently screening these data for applizetion to the
special system configuraticn te bs analysed. Although sone
systamatic procedures for the second step Frive been propossd
(Wataon, 1986 Wancird, 1986; Fleming, 1986) NSO, 19R6D),
:::zrivoccl and repioducible results are very difficult to

n.

7.4.3.1 Data collecting

The main problem vith collecting data for the analysis of
common cause failures is the facc that these evants a:e very
rare, although C Fs as & class are major contributore to tha
severe core damage fregquency.

For example, let us assume that there ia an operating
experience of 2000 reactor-years which provides a data base for
a PRA. This is far more ience than that on which PRAs are
usually hased (see o.¢. (Fleming, 1986; Meslin, 1989; Hennings,
1985)). Furthermore, ve assume that one common cause event has
been experienced for a certain redundant system, this being the
require2 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.

(CP-rates vhich are consideribly lower than this value have
beer 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 estimation of such low
values.

Thus, the uncertainty of very low failure rate estimates is
considerable. As a hypothetical axample, let us assume that
there are 20 years of cperating experience for a plant undar
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



suddenly occurs in the plant, the estimated failure rate will
change dramatically. The nev value (as calculated from one
oecurrence in 20 reactor-years) will be 5,7E~6/hr, an increase
by a factor of almost 500. This gives an indication of ths
uncertainty of CCF failure rate estimates.

Another 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 o rating experience for
a single component or a system, and test ng is performed once
per month, 120 test demands :esult. Let us assume that & real
demands occurred during this period, and that 1 failure at real
dexands and 9 at test vere ooserved. According to
common FRA-methodol « independence between failure rate and
initiat event (real demand, or test) would be assumed. This
would 1 to an estimated fallure rate of 0,04 per year (one
real demand pey 2 years; 10/12% failures per demand).

n fact, as ointed out by Ballard, the failure rete vould )
0,1/¥¢ 1. rael demand per 2 years; 1/% failuves por real
demand). lrere must be @ diktincticon between tast end roal
demunds. [ ring tests, partw of the syste ors often examined
separately, vwithout checiiing the conplete systas, Furthermorse,
the load on a system is ’ulto diftorest for real demands than
for teste (see :lso section 3.3),

A typicul example is tha incident at c¢he Brokdorf nuclear pover
pient described in secticn 8.3.1.1.3. In this care, the power
sSupply from all four ems feedvater dissel generators
wvould 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

decided to count the two failure rates seperately. The failure
rate than vas calculated as follows:

ESP= 1/T (ny + (N=ny)*(n,+n,)/(X+N)) where

FSP= failure re'e per year (Event Sequence Frequency)
T = operat experience in years

N = number of real demands

X = nusber of tests

ny = failures at real demands
n; = faillures 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 &)
increases from 1,)2E-2 for the original data evaluation (see
table 7.5) to 5,27E~2 per demand for the Precursor Study
nethod. The probatbiiities of three~ and four-fold failures

(3 of 4 and 4 of 4) do not change since there are no such
demand faillures in the date base.

It becomes evident that current PRA methodology » stematically
underestimates the probability of single and mult ple failures
of components and systems because of the erroneous assunption
of independence of failure rates and initial events.

7.4.3.2 Data Screening

It is generally accapted that generic data require
interpretation and screening before they can be used for the
analysis of a specific plant. F)unt design, organisation of
saintenance etc. have to be taken into account .

This ocroonib! procedure further reduces ti.e poor dita Lase.
Furthermere, in moat cases the screening appears tc realt in a
decresse ol failure rates.

For ex le, generic A-Factors were arbitrerily declarod in the
draft «1150 to be 9fL-~fractiles of a lognormal
distribution with a variation factor %=4 . although they ha<
been explicitly dencted as mean valuas in the source from which
they were taken. This led to a reduction of the B-Pactors by &
factor of almoat 5.

Hennings (1985) screened generic data for stand-by pumps and
motor operated valves for arpltcltton in the reference plant of
the German Risk Study, Biblis B. Table 7.6 shows the results:
Starting from all available data ("not fault tree specific®),
all events vhich vere supposed to be irrelevant, or to be
included in other fault trees vere excluded, leaving those
vhich were directly relevant for the fault tree of the systems
under study ("fault tree specific®). Some events wvere also
"shifted® to instrumentation failures and control or support
rystem failures. Por the pumpe, the data base vas thus reduced
to zero. For the valves, onlx data for 2 of 4~failures remain,
The corresp ing probabilities are reduced accordingly.

Three general conclusions can be drawn:

== The data base for CCFs is simply too limited to yield
reliable results. This applies rarttculurly 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.

== Qften, screening leads *o a reduction of the number of
events, vhereas the underlying operating time or number of



denands remains unchanged. This leads to an underestimation of
failure rates.

Even when plants are in fact comparable, data evaluation is by
ne means straightforvard:

" The most extensive use of judgment in data ana~
lysis is made at the level of data collection
f::l the plant operating records " (Mosleh,
1986)

Available sources of dsta such as the US LER (Licensee Event
Report) do not provide encugh information to be used as a base
for analyzing dependent fajilures (see also section §),

In many cases, it is impossible to detsrmine wvhether an
obsaived multiple failure vas a multiple independant or a
depandent feiluve. In thie cure, a possible approsach is to
introtice vot,htlnq tscters vhich reflect the analyst's

"set.) xiion of the dugree® to vwhich the evervs vhich cannot he
clessivied sre Jdependent or independent feliuros.

The resulting uncertainty ce¢i be very high. For exanpie,
Fisming (19¥83) estimates OH~Factors for motor driven valvee,
pased on a reviev of 200 incidents. Although only 13 of these
events could nct be classified, this led to & notable
urcertaint; for the A-Factor: This factor vas ect.mated to be
woatwean 0,029 (all unclavsified failluw n'. assumed to be
independent), and 0,117 (all unclaseified failluras “csumed to

be dependent).

It might be that a factor of four does not represent an
unacceptably high uncertainty, and that such a factor can
easily be accomodated in an unoortctntz analysis. Hovever, this
factor of four describes the uncertainty of only one of the
Lnrut apeters of & PR}, Purthersore, the BA-factor represents
only the simplest t of common cause failures, namely the
'‘more than one' failure mode. Por failures of three- and four-
train redundant components, the uncertainty of the
corresponding factors is much higher.

7.4.4 Qverall Uncertainty

In the preceding discussion, the different steps of CCr
nnulrutu and their basic difficulties vere addressed. If the
complets ure is applied in a PRA, the calculated
unavailability of systems has & high uncertainty.

This is illustrated by & study performed by Poucet (1987). This
study, the Common Cause Failure Reliability Exercise, deals
vith the prodblem of identifying, modelling and quantifying
dependent failures. On the basis of a real reference plant and
one safety system (auxiliary feedvater system of the West
German Grohnde PWR), a common set of problems vas defined and
analysed by ten different teams of analysts.



To bagin with, all teams vere provided with the same fault tree
of the aystes, including independent failures only. They had to
quantify the unavailabiiity of the system in the event of loss
of preferred power (First calculation).

In a second step a common set of parameters vas usecd, estimated
in a consisten® way for the different models. The main aim vas
;ot:tuly the differences between the models (Second calcu~
ation).

Finally, the teams were provided with a set of event reports,
On this basis, the calculation had to be periormed again (Third
calculation). These event repurts had already been used to
estimate the perametsrs used in the second calculation,

T™he results (:z:ton unavailability) are shown in figure 7.¢. As
can be seen, results differ by two orders of magnitude even

for the third calculation.

In viee of these recults and "he fact that only one safoty
oyotou and only one iattiarlnz svent Jere analveed, it hocuaes
clear that any enalysis of this kind must be plagued by a
significant COF« related uncestainty. No procedure or model is
available that is capable of ytoxdtng reilable and reproducible
results vith a well-defined and sufficiently narrov uncertainty
range. Thus, one of the chief yardaticks to be applied to all
PRAS {s the extent to which they asssess the upper bound values
for common cause and other dependent fallure contributions to
sCor.
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8 HUMAN BEHAYIOUR IN PRA

8.1 INTRODUCTION

The "human factor®™ plays an important role in nuclear safety.
Human behaviour can lead to accident sequence initiation or may
aggravate accident sequences. On the other hand, potentially
dangerous situations may be recovered by husan intervention.

Accident related human actions include errors, sabotage or acts
of war. Sabotage and acts of wvar will net be treated in this
part of the study as they imply voluntary damage or
destruction. (For sabotage, see section 17 of this study; feor
acts of war secotion 13.3.3.)

Deliberate human errors can occur if there i3 no consequence tu
be fearod or if personal banefits are hopetd for. This aspect is
not excluded here.

The impertance of human actions in nuzleer pover plants is due
to the fact that

* the human error piobability is high,

* the human arror probebility sstimation is associated
vith an unkown unJertainty,

* humal; actions sre potential causes for comeon mode

errors,
* it sust be assumed that different human errors are not
independent.
The key tior in this context is wvhether human behaviour can
be tified 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
gquantification effort.

Human error can occur in any domain where human action is
inveolved. Since human actions play a vital role during the
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 majerity of human errors
does not occur in the contreol room although supervision and
research efforts tend to focus on this area.

Since human errors are relatively rare events, there is a
considerable lack of real event data. Error quantification has
therefore been based on simulator experiments or expert
estizaticns. There has been substantial criticism concerning
both practices, coming from experts belonging to the nuclea:
community, because



- expert opinion tends to yield overly optimistic
with an unrealistically narrow bundvtdthpot uncort::::;?.

=~ simulator experiments are not able to simulate the
actual accident stress level, and they only yield results
for a limited number of event sequences: Those which have
been, and can be, subject to a modelling effort,.

Current Human Reliability Assessment (HRA) studies usually
concentrate on actions vhere the operators act according to a
plant ontotl goal. Whilst errors o omiesion (failure to act)
can be fairly well gquantified, 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 whei data are lacking). and
dependencies batwveen different actions and between diffarent
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:

* Prrvern of commission are of equal importance as errors
of omission,

* errors during actions based on decision processes are
more likely to occur than simple errcre of omisuicn, and
their impact can be greatsr,

* understanding of physical processer is taken for
granted; however, accidents like T#I and Chernobyl show
that the personnel did not anticipute the consequences for
their actions,

* there may be a conflict of goals between maintaining
plant safety and operating economically,

* the personnel is neither alvays vell-motivated nor
vorking on an optimal stress level,

* personnel has been observed disregarding safety rules,

* error probabilities for different people working
together, and for different steps in a sequence of
actions, will generally be correlated.

From these facts alone, it must be concluded that human a2ction
is the most important risk factor for a nuclear power plant.
Seversl sources assess its contribution to core melt frequency
ranging from about 1/3 to 2/3.

All these guantifications can only be speculative, since there
are otrong indications that both the decision processes and
dependencies betwveen actions and between persons depend on the
general background and the knovledge of the involved persons to
such » large extent that a general quantification is
impossible. Hence, the HRA tool may well be able to
gqualitatively indicate weaknesses in nuclear power plants, but
all efforts of guantification of rare events tend to be in

vain.



In order to reduce human error, increased reliance on
automation has been proposed. However, all software produccion
is as prone to error as any other advanced man-machine
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 101 far behind the studies on human factor
analysis, and a gquantification of software risk is not in
sight. The most important conseguences of automation would be

= introduction of unknown software and hardware hazards,

- replacemant of conventional human errors by software-use
related errors,

~ since only routine actions may be automatized, the
personnel still has the task of dealing with exceptional
events (the most error-prone onew).

Only autcemation of basic, ¢imple actions in order to raduce the
vorklord of the personnel should be aimed at. In areas wheors
the consequences are nut fully known, automation is not an

appropriate strategy.

Inspite of his/her deficiencies, the human being remains the
nost reliable element in case ¢of unforsseen aveiis.

8.4 BACKGROUKD

8.3.1 mm.-mx_mw ar.power plants ?

Human behaviour has received little attention in probabilistic
risk assessment, compared to the efforts of reliability
estimation for physical components. Blackman (1986) regrets
that no comprehensive study of the human factors had been
conducted so far. To our knowl , this situation has not
changed since 1986. However, it is generally a in the
nuclear community that human actions play a major role in most
nuclear incidents. The estimates of their contribution to core
melt frequency range from 38 § (precursors only, Minarick,
1982) to 63 § (human error induced core melt, DRS A, 1979) (see
figure 8.1) in risk analyses. Reports from the chemical
industry even give a factor ot 90 & (Joschek, 1981).

Accord to the Public Citizen's Annual Nuclear Powver Safety
Report of 1987 for commercial US reactors, at lsast 2940
"mishaps® wvere reported in the Licensee Event Reports (LER) to
the US Nuclear Regulatory Coumission (NRC). Perscnnel error wvas
involved in 2197 cases (74%). Many other mishaps, including
soma of the most serious accidents of 1987, were apparently not
reported (WISE, 198%a). Among the mentioned mishaps were acts
of vandaliss and sabotage, unauthorized possession of firearms
on plant sites, and a three-fold increase in the number of
reported instances of drug use among nuclear workers.
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8.3.1.1 Different aspects of human error in nuclear power
plants

It is often assumed that human error cuncerns mostly the plant
operators. In fact, however, human error interferes at various
levels curing 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 centributors to plant
failures. Human roliubtlitl deta ars therefore required
for tasks over the entire life cycle of a plant."

Figure 8.2 shows vhich human error categories play a major
role, apert from the relatively well analysed control room
context., "heie has been & number of attempv s Lo gquantify, for
the different fields of action in & nuclear power plant, zhs
centyibution to core melt fraguency.

Scott (1981) reports a psrcentagw of .0 § for safety related
events ir US nuciear power plants in each of the error
categories for construction, operation and supervision, and a
percentage of 5 § for fabrication, installation and raintenance

errors each.

Tre UK Central Electricity Generating Board (CEGP) examined
1098~ of-generstion events in nuclear Tavor plants from 1976 to
1982 (Pope, 1986). The following contiributions from different
error categories were found:

operating errors 108
design errors 20%
maintenance/testing errors 70%

The Oko-Institute distinguishes between eight human error
categories, for which examples will be given (Oko, 1983):

design errors

construction arrors

fabrication errors

maintenance errors

actions against safety rules

vrong 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
vell as so called "Wrong Unit/Wrong Train®-errors.

8.3.1.1.1 Design. conntruction and modification errors

in the U.S., design and construction errors vere investigated
by the NRC after the Crystal River incident (1986). For further
details, see section 15.2. Another example for this category is
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the underdimensioning of fuses for the emergency diesels at the
Biblis A nuclea~ power plant (Oko, 1983). Emergency diesel
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
E::‘?uclo.r pover plant which is important; in addition (Pope,

.+« it should be appreciated that design change (on
operational plants) always involves risk and the trade-off
between alternative designs requires careful consideration
before implementation.”

Any modification on an operational plant's design also creates
the danger of erronecus actions by personnel accustomed to the
old plant design.

8.3.1.1.3 [Fabricatinn _errors

Tis Catatte Nucléaire (Gazatte, 1584, reported on a piping
systun oy the French Cuinon E2 nuclear power plant. The pipen
did not moet the required standard, some ¢. them having a
diameter that was 15% smaller than acceptable.

A problem of fuel fabrication was reported by NucEng (.98%b)
for the French Drapierre ? nuclear power plant.

"... scn2 of the fuel peallets in the rods had a aiameter
less than laid down in the manufacturing criteria. ... a
reductica of the diameter of the pellets increases the
heat accumulating in the fuel rod. This would not have any
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
prevent fusion of the pellets."

This problem msay also concern cther nuclear power plants in
France (Dampierre 1 and 4, Cruas 4) vhere 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 r plant, If not, it is possible that the
demand of an individual component leads to the failure of a
.atot¥ system. This kind of error is relatively difficult to
quantify, and cons ntly, it has rarely been taken into

account by PRA studies (Oko, 1983).

At the ve least, it should be expected that counter-measures
are taken immediately, after such errors have bsen discovered.
Even this, hovever, 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.
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"The time that these guestions went unresolved ranged from
several months for three of them to more than six years
for the other. Although cnll{ooo eventually showed that
all these nmatters 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 util)ity did not feel obliged to act, NRC
remarks that the consegquences wvere minor. However, it nust be
noted that the defects concerned safety-related equipment,

§.3.1.1.3 Maintenance errors

At the Brokdorf nuciear power plant, it was found during
routine inspection that all four emergency fesdwater diesels
were lacking important parts which would have caused comporant
failure in case of demand. The defects were discovered .988;
the parts had been lacking since 1986, For examples from the
U.§., ses section 1%,2.

Maintenance errors have rot ‘woes teker proper accovunt of in the
Garman Risk Stody, Phare A. It is claimed that thair in‘iuvence
is negligible.

Figure 8.2 4does not support this claim. It should be ncted that
Baintasnancs actions may be causes for common mode failures in
reduncant systeme, for example by a vrong calibration of
several trains of redundant oouTon.ucu. With the exception of
monituring channels and monitor nx.:h;nnol Qroups, this common
mode aspect remains totally exclu from the German Risk
Study, Phase A (Oko, 1983).

8.3.1.1.4 Actions against safety rules

During the Biblis A accident in the FRG in 1987, which wvas a
precursor to a LOCA, a varning light was overlooked by the
operators for 15 hours. This light signalled that a valve vas
open between the lov pressure injection system and the primary
circuit. The reactor operator vho finally noticed this state
tried to remedy the problem by slightly opening a second valve,
to generats a pulse vhich wvas intended to close the first
valve. 8ince this action was not successful, he proceeded to
plant shutdown, as laid down in the guidelines. The opening of
the second valve had resulted in a release of radicactive
steam, bypassing the containment for 2 - 5 seconds.

In September 1988, an incident occured at Stade PWR (FRG).
Valves in all four main steam lines shut because of an
electronic ma)function. According to plan, this would lead to
an automatic shutdown of the plant, but the cperating 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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sanipulations led to considerable vibrations of the stean
lines, vhich at Stade NPP are particularly vulnerable to break.

At tiuse Chernobyl nuclear power plant, the operators svitched
off vital safety mechanisms (see 8.3.1.3.2).

The German Risk Study, Phase A, excludes unplanned,
provisional, unforeseen actions as well as actions violatinm
the safety rules. However, there is enormous scupe for . Y
actions. The results of human creativity and fantasy in .omplex
situations cannot be predicted (see 8.3.1.3).

$.3.1.1.% Mreong interpretation Of Ieactor status

At the Cherncbyl nuclear power plant, the oparating crew

regarded an uastable plant state as sufficiently stable to

:onduct aAn experiment - the consequences are wall-known (see
3:3.3.8),

buring tae Threc Nile Island acciden® in 1978 . many experts did
net consider the possibility that the gas bubble that had
foymed inside the containment could consis® «f hydrogen.

A biraire event of this type occurred at tha U.8. Zion plant /n
1981/92. In the spring of 1961, the plant vas shut dowm for
*tebR generator xopctru. To prevent wvater from getting inte the
stzaa generators, .iarge al ium plates were installed in the
primary ttp‘o. The plates contained an aluminius hinge through
the middle to fracilitate installation and removal. When tte
vork vas completed, the personnel forgot to remove the plate
from one leg of the plant. The plant vas started up, and
reacter coolant flov from one loop registered lov. Insteau of
believing the instruments, the operators assumed that the
instrumsents were incorrect, and recalibrated the flow
instrusents to read full flow. Eventually, the hot, borated
coolant ate through the plate, thus slovly increasing coolant
flow in that loop. The orcrntoro again recalibrated the flow
instrusents, vithout realizing that something was seriously
aniss. Bventually, the hinge portion of the plate broke loose,
and slammed into the steam generator, severely damaging a large
number of steam generator tubes. The plant had to be shut down
and a large number of steam generator tubes had to be repaired

(NRC, 1982¢).

8.3.1.1.6 Erronecus actions at critical points

"There exist many accident conditions which "lock" very
similar to the operator (i.e, exhibit common symptoms) but
call for different operator response. In addition, there
are many different plant states vhich call for an
identical operator response but exhibit a number of
extraneous symptoms." (vonHermann, 1981)

Thus, taking action during an abnormal plant state alwvays
involves the risk of error and misdiagnosis.
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On November 11, 1968 the Soviet nuclear icebreaker Rossiya
narrovl¥ escaped a nuclear accident in the port of Murmansk
(WISE, 1989b). According to a UPI press report of February 20,
1989, the chiaf physicist gave an erroneous command. The
command vas apparently to open a drain valve and set off what
the article called in its headline, "four minutes of nuclear
4 r*. Thanks to the emergency protection and the further
.::b:?: :: the crev, WISE reports, the situation was

> zed.

Nuke (1989) repor:s a severe damage in the recirculation pumps
of Fukushima 1I+3 nuclear pover plant. In the beginning, :ho
utility, Tekyo Electric Pover Company (TEPCO), only found that

“a 100 kg ring attached to the bearing of the pump had
becoms dislocated and dama the vanes of the pump. Also
twve metal pieces vere missing and might have found their
wvay into the reactor core."

four weeks iater,

"TEPCO's investigution has slroady discovered 10 fragmants
and some metullic powder at the bottow of the reactor
“essel and 13 troxnontn inside the jet pusp. Metal pieces
wvere also obuarved on 122 of the 764 fuel assenblies. The
iargest fragment is 10.5 cm long And weighs 9 grame. ...
When the first alarm sounded on the morning ¢f Jan. 6,

si 1iing abnormal vibratiorn, of the pump, the operators
only reduced the rotaticrel speed of “he pump and kept it
operating fo: another 14 Lours with the alarm sournding
most of the time. If Che pu-g had been stopped
immediately, the rupture could have been prevented."

8.3.1.1.7 Errors ol management and administration

PRAs at the current state of the art are unable to treat the
influence of mana t attitudes and management practices on
risk. They typically sssume at least average training of the
gor.onnol. In addition, they cannot treat the impact on risk of
inadequate man nt culture® (illustrated, e.g., by the
Peach Bottom incidents). Purthermore, PRAs do not examine

vhether the maintenance budget is adequate;

vhether sufficient budgnt is available for continuing
training of operators, maintenance personnel, and
others vwith direct influence on safety systems;

vhether management and first-line supervisors are
adequately qualified for their positions:

vhether the quality assurance and engineering procedures
for design reviews, and other quality assurance
practices are adequate;

vhether the controls on overtime work for licensed
operators and key maintenance personnel are adequate to
prevent increases in errors due to excessive fatigue;

vhether substance abuse counseling and prevention
programs are adequate to prevent substance abuse from



affecting cperator or maintenance personnel
performance;

- whether maintenance records are ouxttctontl{ in depth and
used odoquncolx to prevent clusters of failures, to
preclude repetition of dependent failures, etc.;

= whether procedural compliance is adequately stressed and

monitored by quality assurance and others;

vhether adequate resources are given to procedure

development and revision;

vhether adequate levels of safety can be maintained

during strikes, and the likelihood and influence of
strikes;

vhether there is adequate staffing of operations,

Baintenance, and other personnel at the plant.

Thue, the Numan factor in fact is msuch broader than the
consideration of human errors - it includes the totality of
Ranagement practices, administrative contrels, information
gathering systems, budgeting, and decision-making processes by
wvhich nuclear power plants are designed, constructed, operated
saintained, and nodified.

§.3.3.1.8 ZNiono Voat/dreng Iralin®-eriars

In France, two nuclear powsr plant units are usually connected
to the same operating building. This hes already led to several
safety-relevant unit siv-up incidents.

For exampla, a "Wrong Unit*~inclideat toox‘K:loo July 1, 1984 at
the St-laurei't~Les-2Zaux plant. Convinced ¢ he vas dealing
vith the shut-down unit Bl, the operator instead commandid the
opening of the valves linking the primary circuit to the shut-
down cooling circuit on B2, which wvas 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
circuit norsally operates at about 30 bar. It is not designed
to vithstand 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 LOCA outside the containment (Anderson, 1986).

In the U.8., 24 "Wrong Unit"-events have been reported between
1981 and 1985 (NRC, 1986c).

Furthermore, incidents involving mix-up of trains or components
within one unit are frequently reported (e.g., 65 "Wrong
Train"-events, and 41 "Wrong Component®"-events in the U.S. 1981

~ 1985) (NRC 1986c).



8.3.1.2 HBusan psychology and working conditions

$.3.1.2.1 Brgonomic analveis of working accidents in industry

An ergonomic analysis of general working conditions and

behaviour in (non-nuclear) industry shows (table 8.1; Rébke,
i973) that the actions and situations encountered in nuclear
pover plants are exactly those which are the most errorprone.

Unfortunately, the human being does not always react in a vay
a8 to avoid risk. On the contrary,

"if risky behaviour results in success and yields the
desired effect, the human gets a confirmation of his
evaluation «f his proper capabilities. S0 he beljeves in
an increased impurtance of his role, often leading to an
increased self confidence."

This self-confidence may result in a wvrong self-esteem vhere a
person regards him/herself as capabls of handling particular
situations which in fact he/she is Dot capable of. Risk=-
increasing motivation ctrongly de on the subjective
assessment of accident probabilities.

"If an accident seguence is a rare event with a
probability of lesc than 1 §, the related behaviour is not
t:is :o *less dangercous®™ but simply as "not dangerous at

a .

This cbservation (Pébke, 1573) ie emphasized by the fact that
84 % of all accidents are reiated to violetions of company-
specific accident preventinn rulee.

Among the factors initiating the wrong behaviour are
- boredom, monotony of work,
= 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 8.3.1.2.2 that these problems are inherent
to the tasks of nuclear wvorkers and cannot be removed.

A qn.o:tca frequently asked in the nuclear community (Hall,
1985) 1ia

"to wvhich level ... an engineering model of human
perforsance [should) be anchored to psychological
conrtructs.®

If the task of including psychological factors in human
performance models is taken seriously, it must be recognized
that in the absence of a perceivable danger (due to its low
probability), the control exercised by supervisory bodies plays
an important role in motivating plant personnel. Thus, the
human influence is further increased and complicated, due to
husan interaction on the supervisory level. A typical
consequence is disobedience to safety rules issued by the

97



Supervisory body. Such cases are frequently reported, e.q.

:h. U.S.NRC News Releases. They lead to a doqr::Atton o!'tﬁoxn
safety culture® because safety is not regarded as accident-
rela but as supervision-related; the important point is not

to aveid hazardous situations, but to aveid being caught,

8.3.1.2.2 Meork in & nuclear pover plant and hLuken psychology

f?::)chlptor is based con two reports (Moldaschl, 1988; Libe,

For operators, the basic working conditions have b en defined
by engineers. In principle, the engineers attempt to design an
error-free systam, As no system is completely free of errors,
b::.v:{. the main task of an operator is to ready for
situations

. vhich have never occurred before,
. vhich have not been anticipated in system design, and
. for which no operating experience exists.

Thus, the opecator is sitting in a well-sheltered roow where
thousands of lights signe) incoming inforamation - a silent
ataosphere, only disturbed by the everlasting sound of the
printer, putting thess informations on paper. The most
physically strenuous of the copsrators' tasks is the control
round, &t least once every 24 hcurs.

in this aztificial envirvonment, the cperator facos several
dilemmas:

- the forgetting 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

* without errors.
As most of the routine burden has been taken off the

operator's shoulders, he can rarely count on his routine
and experience in such situations. (Moldaschl is comparing
this task with a surgeon having to operate in an emergency
after a break of several years.)

-mmmn}xg_nmms
There are fix rules and procedures for the case that an

incident occurs. However, incidents quite often include
unforeseen phenomena (see Dougherty, 1985). Thus, these
rules cannot be applied rigidly; they may even be counter-
productive (see section 14 on accident managament). In
this case, the operating crev has to take the
responsibility to find a compromise between a flexible
interpretation of the rules (which also implies
modifications of the rules) and a strict shut-down-when-~



in-doubt st:ateqgy -~ thus, a trade-off between eco"omic and
safety requirements.

= the ﬁﬁiE:&ﬁflS*ﬂﬂ.ﬂAllllll
For , days and months the daily routine may be

unbroken. But in any second an event can cccur. Thus, the
operator has to be very attentive to a process running
smoothly by itself. This situation can be compared with a
sprinter sitting at the starting point and knowing that
sometimes within the next couple of hours, the race will
start. He will never beat the vorld record |

- two L?lﬁllll&ﬂh.l&llll’lt
* 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
interpretation of the situation by the operators.

- m H
-32! .cc!szit and risk situations which are marked by a

high stress level have rarely been encountered yet.

Nevertheless, the chairman of the German Reactor Safet
commission A. Birihofer states that "human errors should be
substituted by intelligent logic® - an npproach which is
inevitably further dotradlnq the above situation, s highly
qualified personnel sit idle waiting for a rare onorgon¢¥ wvhich
cannot be led by the system and its "intelligent logic". A
risk factor which has been seversly underestimated up to now is
the nuclear power plant designer's assumption that he is able
to control complex technologies by means of computers only.

8.3.1.2.3 TIhe ideal man-machine interface
In 1986, Blackman of EG4G suggested an integrated approach to
san-sachine interaction. He regarded the studies which had been

performed to date as not sufricient. He (correctly) describes
the ideal man-machine interface as

*a machine (system) ... made to fit the potential
capabilities of the man®.

Furthersore,

*the human must ... be provided the proper environment for
optimal performance”.

In order to approach the difficulty of this tack adequately,
Blackman demands that it must be possible

"to generate & model capable of predicting [(human)
performance”

and he continues :



"the scientific and historical literature tells us that
human performance cannot be completely modelled, i.e.
predicted. However, it is that same source which tells us
that within defined environments human performance can be
predicted sufficiently to permit planning and execution of
relatively narrov missions. I% is our postulate that the
safe operation of a nuclear plant is one such narrowly
defineable mission®,

More precisely,

"..+ the nission oriented ’ororoctlvo defines the power
plant as supporting the operating crev and their goals,
which is the converse of the crewv supporting the nuclear
engineer's plant*,

Wa have seen in the preceding chapter that this postulate
cannot heold for froocnt-day nuclear power plants where
operators are mainly required for emergency situations, i.e.
vhare the operators are supporting the nuclear plant.

8.3.1.2.4 Fpindings of IAEA supervisory missions

IAEA OSARTs (cperational lntoty reviev teams) perforam a three
veek in-depth review of plants cgorct::x practices, involving
:g.to 12 experts from » utilities supervisory bodies.

aim is to aswist the utility in improving the satety of the
plani. Usually focusing on unplanned reactor shutdowns, worker
exposure &nd equipment mslfunctions, OSARTS have visited more
than 24 nucieur power plants. Since 1985, they have developed a
catalog of 39 indicators which cerve as a yardstick to assess
the current safety situaticn of a nuclear power plant,

These indicators show that 50 « 70% of all problems are due to
husan failure. Of these, 208 (= 10 =~ 14% of all problems) are

due to poor qualification of personnel and 40% (= 20 - 28%) to
personnel managemsent and 1 support factors.
Purthermore, it is said t 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
(NucEBng, 1988b)

* most plants had not introduced modern management tools
and supervisory techniques - leading to the responsible
management's ignorance concerning human performance and

plant equipment status.

* at several sites resources appeared
insufficient to cope with all the tasks vithout undue
stress - thus, even relatively harmless incidents can lead
to a high-stress atmosphere which might render the
incident more severe because of mnisdiagnosis or wrong
actions under time constraints.
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* at only a fev plants wvere there signs of obtaini
ultimate objective, a "safety culture®; a poroua-tcz i
avarensss that safety must be a top priority in all
planning «nd execution.

it sppears that the working environment in nuclear power plants
is often lacking vital safety mechanisms and safety
consciousness.

8.3.1.3 intantional misbahaviour -
A risk factor which can hardly be quantified

A very important risk factor cannot be quantified and, as a
consequence, is ignored by today's PRAs: voluntary viclation of
safety rules. We can distinguished between

* individual ard group behaviour
the nuclear power plant employee tries to distract
himself, to simplify his duties or to escape punishment
after an incorrect action.

* economic and public pressure
the utility has to deronstrate to the public that the
nuclear power plant oporlt.ot::oporly and economically.
Ideally, this would require t there if no (reported)
incident or accident and that the plant is alwvays working
at the scheduled power level. This can lead to attempts to
avoid shut-down even in dangerous situations.

* social mcvement
an enployee bolonginq to » mocial pressures group may be
caused to act against safety rules. Tha example of
problems sreated by atrikes in FPrance is discussed below.

8.3.1.3.1 Individual and qrour behaviour

A discovery made by the Institute of WNuclear Power Operations
(INPO) received considerable attention in 1987 when operators
vere found to be sleeping at work at Peach Bottom nuclear power
plant. It turned out that there had been (NucEng, 1988b)

". occasions wvhen the control room was not manned as
required by technical specifications
+ one occasion when only one person was in the contreol room,

vith the units at powver
+ another occasion when all porsonnel in the control room

vere asleep

+ playing of video games by lincensed oporators on computers
in the contreol 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 (assignred on a shift with
the operator) (General Electric had sent advisers to
improve operating crev professionalism) was not
permitted in the "controls®™ area and another instance
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where a utility QA Inspector (assigned to monitor
turnover) was "kicked out" of the control room by :::"
shift operator crew for no just reason, and with
laughter aftervards in the control room

+ widespread resding of non-technical material

* hostile attitude of operators towards management

* disrespact by operators for plant procedures (i.e.,
operating procedures were viewed only as guidelines)

* an occasion when a radvaste shift operator was asleep on a
table in the radwaste control room, covered with a coat

* an occasion when non-licensed operators locked themselves
in their “"shack® in the turbine building (that had its
vindows covered so that activity inside could not be
observed) and wvere asleep."

These incidents were taken very seriously INPO and NRC, and
they criticised the utility (Philadelphia Electric Co.) on the
sanagemsent level for not being able to deal with this lack of
safety consciousness on the operator level. As a conseguence,
the NRC sus the Peach Bottom 2 and 3 operating licenses
and the nuclear power plant had to shut down. Purthermore, the
NRC proceeded to issue civil r.nnltioo against individual
operators -~ the first time this has ever happened.

These incidents do not represent single, isolated events. This
sust be concluded from the NRC policy statement 10 CFR Parts 50
and 55 (NRC, 198%a) wvhich wvas introduced by!

"On a number of occasions, the NRC has received reports
and has found instances of operator inattantiveness and
unprofessional behavior in control rooms of soms operating
facilities. Reported instances include:

(1) licensed operators cbsarved to be a unt.ly sleeping
vhile on duty in the cortrul room or o ise being
inattentive to their licensa nbligations,

(2) operators using antertainment devices (for example,
radics, tape players, and video games) in the contreol room
in a2 vay that might distract their attention from required
safety-relatad duties, and

(3) unauthorized individuals being alloved to manipulate
reactivity controls.

Such conduct is unacceptable and inconsistent with the
operators' licensed duties.”

‘"he problem is that employees can have subjective priorities
incompatible with safety gosls. Such subjective priorities
night result from boredom (need for distractions), but also,
©.g. from fear of punishment for mistakes. In the same release,
the NRC describes an incident at the Oyster Creek nuclear power

plant:

"Both an NRC inspection and an investigation done oy the
company found that the safety limit violation occurred
vhen the operator miotakenly had turned off the fourth of
five loops in a reactor water circulation system wvhile the
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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loop open. This condition conetituted a violati f

NRC requirement that at least two of five loo o:noth::.
system be fully open at all times. The violation lasted
Approximately two minutes, from 2:17 a.m. to 2:19 a.w., on

September 11, 1987.

The NRC, as vell as a separate company investi ation, a
found that the operator, after correcting his :rror by .
opening two more valves, destroyed a paper tape wvhich
provided a chronclogy of the event., He tore off a portion
of the print-out that logs control room alarms and
discarded part of it in a trash can and flushed part of it
down a toilet. GPUN (the utility) subsequently fired him.*"

Hovever, tougher reglementation can provoke actions that are
deliberately violating these nev rules because the personnel
Bay not totally accept the tougher working conditions or may
consider the nev rules as less important than the old cnes.

8.3.1.3.2 [Econemic and public pressure

High pressure from the utility or fror the public to meet
perforsance goals cen lead to a phase-out of safety mechanisms.
As can be seen in a report of the Institute of uueXonr Pover
Operations (INPO) to the Sacramento Municipal Utility District
(SMUD) ooooorntnt the Rancho Seco nuclear power plant, this has
lead to several incidents in the plant (Nuc'leek, 18%89%¢c):

"The report says the causes of the incident, which
incressed the feedwater system prescure to nearly three
times its design pressure, include poor maintenance
practices and training, poorly organized and trained
sngineering personnel, and insulficient management
involvement.

The report, made public by SNUD, also says that plant
operations and maintenance personnel "perceive that they
are under undue pressure to complete tasks® and that
perception "has contributed to perforsance problems that
resul in plant incidents.® For exasmple, the report says
that during the December 12 steam genarator dryout
incident, the load dispatcher “expected the return of the
plant to the grid and requested repeated schedule updates"
from the shift supervisor. "This may have been a factor in
the crev's decision to keep systems on line wvith multiple
component fai.ures."

Rancho Seco is under pressure to meet operating conditions
Sacramento County voters npfrovod last year. The voters,
in approving an 18-month trial run for the plant, said
that if the unit's performance fell below 50% for four
consecutive months after December 31, 1988, the plant
would be permanently closed unless the SMUD board decided
continued operation wvas in the utility's best economic
interests. In June, the SMUD board is required to hold
another referendum on whether the plant should continue to

operate."
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It is obvious that utilities tend to reduce the duration of
inspecticn periods as much as possible because of financial
reasons. This may even lead to the violation of technical
specifications (for example, having both trains of a redundant
twvo-train system out of service at the same time, while
continuing to operate). However, the possibility of such
viclations is not included in PRAs. It is also noteworthy that
viclations l.{ occur with the consent of the licensing
authority, which can grant exemptions from specifications.

A further example is the Chernubyl accident where an
engineering team tried to perform an experiment which was
possible during the shut-down phase of the reactor only. As the
shut-down sequence could not be run as usual, the team
overruled a nuaber of safety systems in order to execute the
experiment and not to have to wait another two years for the
next routine shut-down operation. As the safety systams were
vital to prevent the precarious state the plant was going into,
it vas impossible to stop the accident sequence after the
initial phase of the experiment.

8.3.1.3.3 Seoglal movemant

Another issue wvhich can hardly be quantified is the influence
of a strike movement on motivation and discipline of the
personnel. During the IAEA OSART mission to the ... Albans
nuclear power plant ii; France, the IAEA team found that such a
condition (NucWeek, 198%c)

"... could potentially pose operational safety problems:
the {tnr-.nd strike by BEdAFr [Electricité de France - the
utility) nuclear plant operators wvas in full swing during
the IAEA mission.

The problem, the IAEA team 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 contre! room to ask
for powver drops, even vhen the plant manage: had received

a griad r.Tu.oe for full power. As explained February 23 by
E4Ar's Lucien Bertron, this meant tnat 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. EAF personnel on strike did pnot 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 (Libé, 198%).

8.3.2 Buman actions modelling

Modelling efforts of human actions in nuclear power plants
include a variety of technigues usually based on a
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classification of the tasks to be perforaed (Birkhofer, 1986).
In most cases, the efforts focus on operator behaviour,
although human influence in areas like maintenance,
construction & fabrication, design,...(see 6.3.1.1) is far more
significant.

8.3.2.1 Approaches to claseify human actions

There has been a number of classification efforts, atteupting
to identify individual steps of action sequences, and treat
those steps separately.

iceson (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:

- testing and maintenance actions prior to an initiating

svent,

- actions which might cause initiating events,

- emergency-procedure-driven actions taken to deal with
and mitigate the consequences of accident sequences,

- actions which aggravate accident sequences,

- recovery actions.

Actions involving deliberate disabling of safety equipment are
also mentioned and included in the first point.

Fouco (1981) assesses human errors by
- an a-priori probability estimation and
- an a-posteriori probability estimation.

A-priori probability estimation is based on event tree and
fault tree analyses, while a-posteriori estimations rely on
guestionnaires, simulator data and other after-action
evaluations (Oko, 19813).

Rasmussen (1979) defined the notions of skill based, rule
based, and knovledge based actions. Skill besed are those
actions which are routinely performed, rule based those for
vhich the operator needs the support of procedures and rules,
and knowledge basad are those which rely on the operator's
knovledge of the plant, and where no rules have yet been
formulated (Hannaman, 1985a).

Pope (1966) recognizes that

"there is little consistency between classifications and
fev 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 gqualitative approaches
deal with this subject (O.vis, 1985; Worledge, 1985),

Almost all human reliability analyses include the following
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
is much more difficult to evaluate as there are hundreds of
possibilities to think of. Therefore this case often omitted.

Hértner (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
bo.h 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 revievw of Licensee Event Reports of US nuclear power plants
(Sabri, 18681) shows that out of 89 significant reported events,
58 & /52) involved operators, 36 § (32) the maintenance crew.
Out of the 52 cperator related events there were initiated

11 by failure to act (omission)

11 by i per action (commission)

by failure to follow procedures (omiecsion)
by inadvertent action (commission)

by incorrect or incomplete performance

by oversight

by misunderstanding

by communication failure

1 by improper written informations

Lt S N |

This result shows a relatively high percentage of errors of
commission and of "complex" errors like misdiagnosis
(misunderstanding) or errors related to other levels than the
operator level (errors in procedures' writing).

6.3.2.2 Data base for the quantification of basic human
actions

For a discussicn of completeness and quality of human actions'
data see also appendix SA.

Several authors in the nuclear cummunity criticize the lack of
sufficient and reliable data even for basic human actions. So

Pcpe (1986) states
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"There has been ' - i« vystregatic collection of human
data. ... It foli.ws ®*n:% chere is no comprehensive body
of validated data."”

Alsco 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 completse in containing information about

* personnel involved

actions involved

* performance shaping factors (PSF)
* gituation

* systems involved.

Statistics (table 8.2) shov a considerable concentration of PRA
work on operator analysis, wvhereas supervisory staff is only
included in about 1 § of these cases. Bearing in mind the
iltortunoc of the other fields of human action (see 8.3.1.1),
this constitutes a considerable weakness. Similarly, accident
situations (table 8.3), personnel actions (table 8.4), nuclear
powver 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
by the use of one or more of the following three methods:

- 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 statistizian would desire for this

. Consequently, there is no statistical base for

post 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

mistake.
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8.3.2.2.2 Simulator data

Are more and more used to quantify simple and complicated
human actions (see Joksimovich (1987) for a verification
effort of the HCR approach by simulator). The major,
fundamental drawbacks of this approach are that

* 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
that are not yet understood or misinterpreted cannct be

correctly included,

* computer pr ams for the simulator might be incorrect,
* because of limitations in the ranqe of situations
covered by simulator data, recour: to expert opinion must
be made in the areas of atress, in.ormation interface, and
training (Hannaman, 19685a).

"No series of simulator experiments can obtain data under
all combinations of even a limited number of key
performance shaping factors® (Worledge, 1985).

Regarding the stress factor, this last point has been
demonstrated for both nuclear (Chernobyl) and non-nuclear
(Vincennes, see £.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 simulate:

"Some plants were years froa 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

microcormputers and graphics.®

8.3.2.2.3 [Expert estimations

A relatively largje number of subjective estimation
techniques has been developed to assess human error. At
least nine of them have been used in the nuclear field,
all of them (Pope, 1986)

. * being complex
* giving unvalidated results
* having a variable applicability and suitanility

* are not always easy to use ".

Concerning expert estimation methodology, Mosleh (1987)
criticizes that
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o * many applications elicit judgmental estimates without
following any formal or documented approach,
* multiple experts are commcnly used. However, some
applications rely on traditional group meetings, with
informal procedures for aggregating conflicting opinions
instead of more formal mathematical procedures,
* decomposition [(of tasks) is widely used. However, the
form of the decomposition is sometimes akward or not
meaningful., "

This leads to

= underestimation of failure rates (because of group
processes) and

- cverconfidence in results (i.e. underestimation of
uncertainties).

Consequently, group meetings unually do not yield gocu
quality results, and the interdependence bhetwean expert
estimations is quite high.

Although useful for qualitative assessments, expert
opinion sampling must be seen as a rough and rather
subjective gquantification method. The attempt to obtain
objective expert opinions by group meetings is
questionable as human interaction tends to underestimate
failure rates and uncertainty bounds.

8.3.2.2.3.1 The "Handbook" of Swain and Guttmann (Swain, :2783)

Thi® work constitutes a major effort in this field. Based
rii 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,
1981l1a):

"~ the operator's stress level is optimal,
;.ého 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 estimaied HEP's (Human Error Probabilities)
in the Handbook apply to routine human actions. The method
for estimating the probability of human error under
streesful situations is highly speculative. Therefore,
such estimations are characterized by wide uncertainty
mm“.'

For their model, they assume

",. that all nuclear power plant persvnnel 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 bscause he velieves performance as stated in the
procedure is unnecessary."

The economic aspect in particular can lead to serious
problems for the operating crew: in an emergency
situation, the crev might have to decide on a compronise
:ogv:o? ;:toey rules and utility performance goals (see

We must conclude that the common practice of using the
HEP's from the "Handbook" as point estimates for high-
streass 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
handbook's authors.

8.3.2.3 Human reliability modelling

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 anpove.

Furthermore, particularly complicated actions, like dependent
actions or errors of commission, cannot be quantified. Some of
the models have further deficiencies.

A precise definition of the requirements for a human
reliability model was given by Hannaman (1985a) (table 8.7),

emphasizing that

"it is generally racognized that the performance of humans
can be strongly affected by stress, control room
instrumsentation arrangement, etc. and any model of crevw
behavior should account for these effects."”

8.3.2.3.1 The basic models

In this section, some of the conceptual models and
quantification approaches employed in human reliability
assessment are briefly described.

$.3.2.3.1.1 Performance Shaping Factors (PSF)

Performance shaping factors (PSF) include psychological and
environmental factors affecting human actions reliability.
among 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

- gquality of supervision
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- motivation
= presence of functionally isolated steps within the
(vhich 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 tasr 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.q.
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 1 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 technigue which is

restricted to (Oko, 1983)

* maintenance actions and
* limited actions of ocperators (e.g. after incidents)

A fault tree technique is being used to describe the system
under study. Main problems are that THERP is based on
subjective assessments at various levels in the model and that
independance of actions is assumed (Knee, i981). Purthermore,
important shortcomings are the omission of knowledge based
actions which, howvever, 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 taak. Key input
parameters are (Hannaman, 1985a)

- three types of cognitive behaviour: skill-, rule, and
knovledge~based (see 8.3.2.1), N

= the median response time for a task (7 ) (from simulator
data or expert estimations)

« performance shaping factors (see 6.3.2.3.1.1)

The HCR model yields a curve representing the error probability
for a given action as a function of pertormance affecting time

influence (figure 8.3). Mathematically, the HCR can be
approximated by a 3-parameter Weibull distribution of the form

(t/T") - a
b

HCR = exp ( = g

where a, b and ¢ are derived from the PSFs and t is the time
available for execution of the task.
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The value obtained is very sensitive to the factors influencing
operator response (PSFs), and is less sensitive to the
assessment of median response time (Hannaman, 198%5a).

The sarée authors intrcduce their HCR model as follows:

*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 dependancies between
indizidull actions in the same sequence. As a key problem, he
nentions

"The analysis team had great difficulty estimating the
"median time to respond®. Since the computed error rates
are so sensitive to this parameter, the uncertainty in
this ameter alone can lead to large uncertainties in
the final results.”

8.3.2.3.1.4 The approach in the German Risk Study, Phase A

While most of the data of the German Risk Study, Phase A
(DRS A, 1979) originate from WASH-1400, a limited numoer of
them has been modeled according to a time-dependent operator
failure probability. This probability, as introduced in the
German Risk Study, depends exclusively on twe variables:

= the maximal admissible timm tc respond (t) and
- the mean operator response time (T').

This leads to a very simple, HCR-type formula:
P = eaxp (~t/T')

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

The SLIM-MAUD model (Embrey, 1985) is designed to quantify
error probabilities of proceduralized and cognitive tasks. It
relies on task decomposition and PSFs.

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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The result, for each task, is a value called Success Likelihood
Index (SLI). From the SLI, HEPs can be derived by a oinpzo o
formula. Variation of different PSFs can help in identifying
n:..uroo :oibo‘:.kon to upgrade opesator performance. SLIM=MAUD
at presen ® e most psychology-based approach to human
modelling in nuclear power plants. w Sy

8.3.2.3.1.6 SHARP

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
human interactions.

- steps 4 and 5 (representation, impact assessment) are
incorporating the human actions into the system models.

- step 6 (quantification) selects the approach for human
reliability quantification.

- step 7 (documentation) is intended to provide a star 4
documentation framework for PRA purposes.

Thus, SHARP provides a common structure and a documenta’
scheme for diffecent human reliability quantification r
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):

disgnosis

procedure selection
expectation of plant reaction
perception of plant response
avoidance of slips

The key concept is the operator's "mental image®" of the plant
status. If the real state deviates from this image, the
operator will react. No reaction will occur, however, if the
deviation is not recognized. Thus, the model takes into accountc
diagnosis and decision processes of the operators.

. % %%

This approach is much more complete than other models, without
directly leading to error guantification, however. Hannaman
(1986) states that this approach expands the range of
applications for the HCR model, if the two models are linked.
Analyses of accidents showed that the Worledge model cannot De
employed to deal with errors due to equipment malfunction or
operation. Also, the area of long *term actions is not

adequately covered.
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8.3.2.4 Incorporation into a PRA scheme

Coupling of PRA techniques and preliminary resul‘s ci HRA has
been attempted by some researchers. However, a consistent
assessment technique is not in sight. Many questions cotill
remain open, particulariy in the fields of dependency
quantification and ergonomic aspects of man-machine
interaction.

Hall (1985) erphasizes the need for a better documenticn of PRA
studies as

"the poor and incomplete way in which they are reported
would require major reanalysis prior to their use."

Wakefield (.987) reported an application of his modified HCR
model in a full-scope PRA, but he also found disadvantages of

the HCR model (see 8.3.2.3.1.3).

Beveridge (198%5) proposes that operator actions should be
directly included in the PRA event tree.

On the other hand, Potash (1981) identified several major
problems

"that inhibit any effort to handle operator error in
PRA'Ss. ...

- [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.

8.3.2.5 Critical reviev of quantification efforts

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 from
their analyses. The importance of, for instance, a reliable
stress assessment for quantification efforts, however, is

frequently emphasized.

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
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"to these components expected to be menipulated during the
Ioltlor maintenance action (or cccident response action)
tselr."

Thus, unexpected actions which can cause unforeseen problems
are left aside. The accident response identification

"assumes that the operator is attempting to follow the
proper procedure in roopondin? to each accident sequence.
This assumes a proper diagnosis of the situation."

It is questionable whether an operator in a high-stress
situation will be able to anulyse any accident sequence
correctiy, gorticularly if there are physical phenomena which
scientifically are not yet fully understood.

The authors use the "Handbook®™ (see 8.3.2.2.3.1) as data base,
which provides human error probability (HEP) deta taken mostly
from the non-nuclear industry and which cannot ra used for
analysis of high~-stress situations.

By other authors, the importance c¢f correct identificaticn and
guantification of dependencies is mentioned (Samanta, 1985) and
ranked as eqgually important as a correct estimation of
independent probabilities (Potash, 1981).

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 methods by the UKAEA (Pope,
1986)

"came to the conclusiorns ... that on the basis of
- jdentification and analysis of significant human actions
- gquantification of Luman error probabilities

no method is entirely satisfactory, and a clear need is
seen for ... [further substantial work)."

In his conclusion of a reviev of several papers, Hall (1985)
criticizes that

» * currently gqualitative results are more useful in
decision making than the alsoluts numerical ones,...

* a PRA or HRA must be correctly documented ... "
Futhermore, he diagnoses & lack of communication between the
nuciear industry experts and human factors specialists. He
warns the industry of indiscriminate use of HRA techniques.
Ryan (1985a) stresses the need that

n"documentation should include a complete explanation of
HRA/PRA methods, data sources, and results."

Pederson (1981) ulso restricts the use of HRA data:
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"... prediction (of quantitative errors) is only practical
vhen one is looking for comparisons and indications of the
order of magnitude of the prodabilities of human errors
wvith respect to specific objectives (i.e. reliability,
availability, safety) :

- for well-defined proceduralised task sequences familiar
to the human,

= for well-defined work situations for which performance
shaping factors (in particular 6rror recovery features)
Are known, and data can be collected."

Finally, Schurmann (1985) discusses some reflections on how
human performance models are being judged by experts. His
conclusion is that the aesthetic and the intuitive aspect seenm
to be much more important than the correct and detailed
modalling. He pointedly remarks that, trogucntly, the human
being does not even seem to be necessary for human performance
models. Other models (SLIM~MAUD) are regarded as rather complex
for nuclear afpllcattonl. 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."

8.2.2.6 Cenclusions

After TMI, a number of efforts have been conducted to reduce
human error: Advanced control room design, training of high
risk manoeuvres on full scope plant simulators, and upgrading
of procedures and instructions, for example.

After Chernobyl, it also became obvious to the nuclear
community that the assumption that operators always intend to
follow the safety guidelines need not necessarily be true.

Ali modelling efforts suffer from a number of severe
shortcomings in the fields of

data quality

data collection procedures

uncertainties induced by human variability
human dependencies

complexity of human actions
quantification of errors of commission
completeness of actions analysed

LA 2 B 2% 3 Y

Additionally, a systematic approach to the human error problem
substantially lacks consistency in the areas of

* classification of human actions

* Quantification of basic human actions

* basic assumptions for modelling

* degree of completeness and technigues used for modelling
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8.3.3 Tue contribution of computers to safety in NPPs

Presently, the contribution of computers to nuclear power plant
safety (or hazards) has not yet been considered in PRA's. Therea
are strong indications that the use of computers will spread in
the future. Thus, a comparison of human hazards is automation
hazards is called for.

8.3.3.1 The use of computers in nuclear power plants

Like other German NPPs, the Grohnde nuclear power plant is run
fully automatic during normal operation. Only for start-up and
shut-down procedures, human actions are necessary. Furthermore,
the automatic reactor protection system overrules manual inputs
in the case of conflicting actions (Grohnde, 1973).

The shut-down sequence has to be initiated by hand, and
subsequently proceeds automatically.

This reliance on automation has led to problems, for example,
in the Neckarwestheim nuclear power plant: After the erroneous
opening of a steam valve, time consuming administrative
mearures had to be taken for reclosure (SHmidt, 1979).

Hortner (1986) states that a high degree of automation implies
a reduction of human error. However, chapter 8.3.3.2 will show
that this applies on.y to traditional human 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 hazards can be relatively well quantified (Kersken,
1985), while it is still difficult to assess software error
hazards. Before analyzing those hazards, the present situation
of computer use in NPPs, as vell as newv developments, is
discussed.

8.3.3.1.1 Present situation

The areas of computer use in nuclear power plants are limited
at present: they include

* passive instrumentation and control,
- local network technology for process control
(Aschenbrenner, 1988),
- microprocessor based reactor protection system at
Sizewell B (Pepper, 1989)
- alarms on CRTe® in Loviisa (Rintilla, 1987), high
degree of automation
= CRT information, operator support systam in Japan
(Itoh, 1988); not (yet) relying on Al
* process computers
* monitoring of fuel status (Williams, 1988) and plant

status (LaRose, 1989)
* offline analysis (process models, GRS, 1987)
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The OSAR 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 plant"
(NucEng, 1988b).

An OECD survey mentioned that only Canada considered using

computers to replace operators on their HWR nuclear power
plants (NucBEng, 1988a).

8.3.3.1.2 TIrends
In order to

* take operational burden (routine work) off the operators

* give decision aids in accident situations

* automatize maintenance actions

* provide operators wvith pre-analysed plant status data
(GRS, 1987)

* improve simulator capabilities (Hardman, 1988)

a number of software packages are under development in several
countries. These software packages rely primarily on

* correct measurements of the senscrs
* correct analysis tools and
* realistic simulation packages.

FPor the near future, they include features like

* computerized procedures (Elm, 1988; Reiersen, 1588)
* alarm avalanche suppression (Elm, 1988; Reiersen, 1588;

Nedderman, 1988)
* oparator decision aid systems (Elm, 1988; Itoh, 1968)

At present, research is focused on artificial intelligence and
expert system approaches (see 8.3.3.2.2).

8.3.3.2 Softvare hasards

There are at least 4 levels of possible errors related to
softwvare use and development:

* program layout (misunderstanding between computer and
nuclear exparts)

* 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
conseqguences in other parts of the software.)

Computer scientists generally agree that it is almost

impossible to produce error-free software. In particular, rare
events can lead to unforeseen reactions of the program (see
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8.,3.3.2.1.1.3). Thus, efforts to reduce and quantify software
error risk have still not reached their goal (Kersken, 198%5;
Barnes, 1989) and it is questionable whether they ever will.

A considerable hazard including the whole error potential
described above is brought about by a change of the main
computer system, as experienced on the lLoviisa nuclear power
plant (Rintilla, 1987). In this particular case, it was
necessary to rewrite all of the software which formerly had
been written in assembler language.

8.3.3.2.1 Examples of software related incidents

8.3.3.2.1.1 Accidents related to computers outside nuclear
industry

8.3.3.2.1.1.1 U. weather forecast 1987

In October 1987, the British Meteorological Office failed to
issue a hurrican warning for South England. According to a
Defense Ministry report, the scientists had overestimated the
capabilities of their computer model which included an upper
limit for wind velocity (HAZ, 1988). However, the real storm,
killing 20 people on the morning of October 16th and
devastating large areas, featured wind speeds up to 190 km/h,
vell above the maximum value allowved for in the model. This
stora happened to be the most severe for the last 300 years.

8.3.3.2.1.1.2 Vincennes guided missile cruiser

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
it wvas 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-stresu situation
(ACM, 1989Db).

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
been hit by a missile only a fev 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, 198%a).

"Because of this record, we know that one cfficer, who was
prompted by the computer to "select weapon system"™ as the
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countdown to the destruction of the Airbus began, hit the
wrong button five times before he realized that he was
supposed to seslect a weapon. And we also know that
another member of the Vincennes' crew was so agitated that
he got ahead of the firing sequence and pushed another
button 23 times before it was an appropriate part of the
procedure.

I don't recount these errors to pick on the crew. I
recount them because I believe that they must be
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
accelerator, was designed to send a penetrating X-ray or
electron beam deep into a cancer patient's body to destroy
enbedded tumors without injuring skin tissue. But in three
separate instances in 1985 and 1986, the machine failed.
Insctead of delivering a safe level of radiation, the
Therac 25 administerad a dose that was more than 100 times
larger than the typical treatment dose. Two patients died
and a third vas severely burned.

The malfunction was caused 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
technician happened to use a specific, unusual combination
of keystrokes to instruct the machine. ...

The Therac 25 delivers two forms of radiation: either a
high-snergy electron beam or, when a metal target
intercepts the electron beam, a lover-enargy X-ray beas.
It turns out that when a nimble, exyp rienced technician
punches in a particular sequence of commands faster than
the programmers had anticipated, the metal target fails to
sving into place."

There are many more examples in the medical field where
computer controlled machines endangered pecple.

8.3.3.2.1.2 Computer related nuclear incidents

Although computer use is not yet widaspread in “he nuclear
industry, there have already been two inciden%s 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 £.3.3.2.2 will lead to an increasing number of more
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serious problems. We briefly describe the two incidents which
show two features that are alarming: both problems concerned
safety related plant systems, and the second one is common to a
rumber of nuclear power plants of identical design.

8.3.3.2.1.2.1 A software problem at the Darlington nuclear
power plant (Canada)

On January 19th, 1989 Nucleonics Week (“ucWeek, 1989b) reported
that the Atomic Energy Control Board of Canada (AECB) was
delaying fuelling of the Darlington nuclear power plant because
of a "problem in the shutdown system software®”. This incident
concerned a heavy vater reactor (HWR), but analogous problems
could also occur in LWRs. According to AECB director
Domaratzki, this software

"... has been under discussion between (Ontario) Hydro and
the board [AECB) for the last two years. Modifications are
lttll.boinq nade based on both Hydro's recommendations and
ours.

The {our Darlington reactors, under construction since
1877, incorporate a nev generation of computerized control
for emergency shutdown. “mergency shutdown systems in the
Hydro reactors at Pickc .ng and Bruce are essentially
dependent on "hard-wvired relay logic®" to trigger them, he
said. The Darlington emergency shutdown systems are being
to be activated "by logic that is largely software, that
is primarily computer programmed"®."

8.3.3.2.1.2.2 A softwvare problem at the Nogent nuclear power
plant (Franca)

NucWeek (198%a) 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 Electricité de
France's (EAF) Nogent-2 PWR was classified as a level 1
problem by Prench safety authorities. The defect,
discovered just before Christmas, led to the sending of
erTonecus messages to the control room on such things as
the parameters for reactor control. A similar defect was
also found in the I&C systems of Flamanville-l and -2 and
Paluel~3 and ~4. All five units are in EdF's "P4" rour-

loop PWR series.

The software did not have any direct safety consequences,
said the utility. However, safety authority Service
Central de Surété des Installations Nucléaires (SCSIN)
flagged the problem as needing special attention in the
context of EdP's gquality assurance/control program. SCSIN
is concerned that a watertight QA/QC program for checking
softwvare 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 meantime, E4F has taken
neasures to make sure the defects at the five PWR units
are compensated for by control room staff until they are
corrected.*

8.2.3.2.1.3 Hacker intrusion in nuclear research facilities

Hackers have been reported to enter nuclear research facilities
in West Germany (KFA Julich, KfK Karlsruhe, Hahn-Meitner-
Institut Berlin), Switzerland (CERN), the United Statee
(Lawvrence Livermore Labs) and elsevhere. Any responsable
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 from outside,
however, this might cause considerable safety problems which
can hardly be evaluated quantitatively.

8.3.3.2.2 Expert systems and Artificial Intelligence

8.3.3.2.2.1 What is Artificial Intelligence ?

Artificia) Intelligence (AI) is a field of computer science
wvhere it is attempted to model human problem solving ability.

This field has created a number of special sub-domains:

pattern recognition
robotics

knowledge represuntation
expert systems

learning

and others

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 "final goal®™ will ever be achieved:
The creation of a general-purpose "thinking sachine®.

8.3.3.2.2.2 What is an Expert System ?

An expert system is 2 simplified approach to human reasoning.
Generally, reasoning is divided into two basic categories:

- the knowledge base (simulating factual knowledge) cnd
- the inference motor (simulating deduction capacities)

The knowledge base itself consists of data base and rule base,
vhereas the inference motor consists of the complete
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
("experience®) to provide further information or a solution to
the given problem.
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8.3.3.2.2.3 Application o{ c:port systems in a nuclear power
plan

The benefits and limitations of expert system use in nuclear
power plants are disci»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 appurently contradictory data are presented
simultaneously, or when man fixates on a hypothesis and
ignores or misinterprets data to the cortrary - a
machine's effective support of man's problem=-solving
:::ilo gan be a valuable tool in the process of decision~-
ng.

However, any automated interpretation of data leading to a
recommended action, places the user into a dilemma:

"When advice is ocutput from the system, the user must
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 systea designers respond to this issue as a
quoot&on of hov the expert system "explains® itself to the
user.

Considering the well~-known time constraints of operators in
accident conditions, it is not very probable that lengthy
explanations will be of great value. Thus, the conclusion is

that

"Systems wvhich require "common senss® or a "deep
understanding® of physical phenomena are not good
candidates for expert systems.

..+ &n expert systea to diagnose precisely the failure(s)
and correct response for all possible plant disturbances
is not likely to be practical in the near term. The scope
of understanding regquired ... exceeds the current state of

the art."

To benefit from the rapid data processing capacities of a
computar, ar integrated expert system approach is neither
feasible nor useful. Although a partial substitution of the
operating crew may be possible (Nedaerman, 1988), it chould not
be attempted to suppress valuable information about the plant
status. In order to support operators in stress situations, it
may be helpful, however, to use "intelligent"™ systems for low-
level tasks like the transformation of data into information
meeting the requirements of the user (e.g. alarm avalanche

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 considerab’ e
deficits in understanding human decision making (Kennedy, 1986)
and physical aspects in the field of degraded core ana) sis
(Birkhofer, 1988), operational decision aid systems .r this
kind should be regarded with extieme care.

Artificial intelligence ani expert system tools are certainly
©f a high value, but the area of application in nuclear power
plants has to be limited to fields where processes are fully
understood and where it can be guaranteed that they do not
create additional risks. Under accident conditions, this
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 ncn-sensitive
areas.

8.3.3.2.3 Limitations of COmPUtar use in nuclear powsr plants

Nelson (1981) is proposing more intensive computer use in the

area of decision making. His rtopocitiono 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
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 systes.

The main limitations of real-time simulation of physical
processes can be summarized as follows:

* mathematical models do not represent reality; they only
provide an approximation,

* it must be expected that there are unforeseen
measuremsent results, due to defect senscrs or to

unforeseen phys.ical reactions,

* only phenomena that have been understood can be
simulated; the simulation remains incomplete,

* operators ll{ place too much confidence in simulation
results relating to rare events.

A very useful application of expert system techniques may be an
alarm avalanche suppression scheme waich, however, should Fra
equipped with redundant control possibilities and a manusi

backup.

The general tendency during a conference on Man~Machine
interface in the Nuclear Industry (Feb. 19588) was that
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“"... four years or more will be required before we can
::11 what the role of AI [in the nuclear industry) will
It would be too risky to let operators become over
dependent on such expert systems. ...

+++ Changes should not be made because they are
technically possible."

There is nothing we can add to these insights.

8.3.4 Automation or human control ?

There is an old, possibly Buddhist, saying which was recalled
in ACM (1989%¢c):

"There is a key that opens the gate of heaven and it is
the sane koI that opens the gate of hell. The two gates
cannot be distinguished from the outside and the only way
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."

Applied 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 nuw dangers which cannot be
dealt with by the usual procedures.

In connection with the Norwegian nuclear power plant simulator
HAMMLAB in Halden, 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
8.3.1.2 :

"In the more advanced conceptual designs now proposed for
nuclear power plants, the operator is retained primarily
for his supervisory skills and diagnostic capabilities.
+++ However, a basic issus, which must be confronted
before such systens can be implemented with confidence, is
vhether they do indeed provide those benefits to plant
perforaance expected by their designers."”

In a much more optimistic manner, the West Gevman nuclear
industry magazine "Atom & Strom" mentions in its issue no. 6 of
1987

"... automation which is always working in the right
direction ..."

and
"... graphics terminals presenting several thouocnd"

individual information points in a clear manner ...

125



If automation was as easy as this, the difficulties in expert
system and artificial intelligence development would never have
occurred (see 8.4.2.2). 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.

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
lth..vhillt 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 be
supported by simple decivion aid systems if the situation is

fully understood.

This "30-minutes-rule® is implemented in Swedish nuclear power
plants (Anderson, 1986), leading to

* advantages for handling design-basis events and
* disadvantages for unforeseen events (reliance on
operator experience and decisions being unavoidable in

these cases).
Practice in West German nuclear power plants is similar.

However, recent developments in accident management permitting
the operating crev more freedom of action (see section 14, may
jeopardize what advantages the 30-minutes rule may have, at
least for design-basis events.

A trade~off between hazards of human actions and computer
hazards has to take into account that more automation brings
about unknown new software problems. Additionally, there is one
aspect increasing safety (the human operator has less tasks to
fulfill) and one aspect decreasing safety (the human operator
has to face more boredom, with all its ~onsequences).
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9 REACTOR PRESSURE VESSEL FAILURE

(contribution by Dr. Ilse Tweer, Buxtehude)

$.1 INTRODUCTION

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 for
:hil component: RPV failure necessarily leads to severe core
amage.

The determination of the failure probability of an LWR vessel
from statistical data on operating commercial reactors has not
besn pertormed in PRAs so far: although no disruptive failures
vere yet reported from Western pressure vessels, the
accumulated reactor vessel years do not yield a sufficient
statistical basis. Failure rates calculated from the actually
"observed" vessel years would amount to values higher than 2E-4
Per vessel year.

Therefore, the ostimation of RPV failure probabilities relies
either on statistical data from conventional (i.e., non-
nuclear) vessels, or on theoretical approaches analyzing the
structural 1ntoqr1t¥ of reactor vessels. In spite of the
methodological difficulties, all major PRA studies come to the
conclusion that the contribution of RPV failure to nuglcar
power plgne risk is negligible (probability below 10”7, or at
most 10°°, per vessel year).

Attempts to validate PRA estimates for RPV failure rates have
to account for the severs uncertainties and oversimplificatiors
of transient and load profiles, particularly in the case of
emergency and fault conditions; for the material data base
uncertainties including material degradation due to
thermomechanical ageing and radiation embrittlement; for the
inspection and testing deficiencies; and for the limited
knowledge cn 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
consarvative estimates.

In the context of extrapolating RPV failure rates from
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 di,ruptivo failure occuring in non-nuclear class 1
vessels at 1077 to 10”4 per vessel year. The discussion in
9.3.1.2 illustrates that nn convincing reasons can establish an
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additional safety margin for a nuclear vessel, compared to non-
nuclear vessels.

Theoretical fracture mechanics calculations of the pcotential
failure rate (9.3.2.1-2) have shown an extreme aonoftivity to
variations in the essential assumptions which are beset with
high uncertainties - the resulting failure rates differ by
several orders of magnitude. The largest contribution to the
failure rate will result from pressurized shock events,
amounting to 107" to 10"° per vessel year.

Keeping in mind that a considerable number of older RPVs (which

could not meet today's licensing requirements!) already has

reached an operating time longer than the mean lifetime of

conventional vessels (Boesebeck, 1975), a responsible analysis

;:n: inotlt on using pessimistic limits as the basis for safety
cisions.

Thus, a failure rate below about 10~% per vessel year cannot be
accepted as conservative evaluation of the knowledge on the
structural integrity of RPVs. In spite of claims to the
contrary found in most PRAs, pressuce vessel failure therefore
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.

9.3 BACKGROUND

9.3.1 REY raillure Rate Estimation from Non-nuclear
Yes 2l 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,
nozzles of bolting, accompanied by the rapid release of a large
volume of the prussurized fluid.

(b) non=-disruptive failures:

-« potentially disruptive failures: a condition of crack growth
that could have led to disruptive failure if it had not been
repaizred;

== 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 were
selected, failures due to operational errors or non-specified
operational conditions were eliminated. On the other hand, the
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statistical base of the vessel population includes a wide range
of design pressure, vessel size, and vessel function (Oko,
1983, p 69). Thus the reference value of this data base seems
to be rather gquestionable 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 vesssl population, and the failures which were taken
into account) show the tendency to reduce the resulting failure
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
ltuélarity 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 gquoted, this mean lifetime is < 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 extrapoiations to RPVs.

Fundamental doubts on the significance of the procedures used
vere expressed by Marshall (1982, p. 103): "The Study Group
believes that there is no satisfactory way of interpreting the
data on potential fajilure rates for conventional vessels to
give a useful estimate of the possible catastroph.c failurs
rate of LWR vessels".

9.3.1.2 [Extrapolations from Pailure Rates of Conventional
Vessels to Pailure Rates of RPVe

Based on conventional pressure vessel failure rates, the FRA
estimates for RPV failure rates due to vessel rupturc for PWRs
are as follows:

Surrx (WASH~-1400, 1975, p. 63) 10:; per vessel year
Biblis B (DRS A 3, 1980, p. 33) 10-7 per vessel year
Zion (ACSNI, 1982, p. 84) 10_6 per vessel year
Sizewell B (ACSNI, 1982, p. 33) < 10_6 per vessel year
Oconee 3 (NSAC, 1984) 1,1x10 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 lowsr failure rate for RPVs compared
to conventional vessels are the following (ACSNI, 1982, p. 33):
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- more detailad stress analysis for operational t

= higher specifications of materials iy Mg

-~ better toughness of materials

- stringent quality control

= multiple independent and experimentally validated ultrasonic
testing of welds

= repeated non-destructive testing in service

= monitoring of long-term behaviour of materials by

surveillance
of samples

The German Risk Study (DRS A 3, 1980, p. 28/29) claims higher
quality standards which characterize the concept of
"fundamental safety" (Basissicherheit; KuBmaul, 1978):

- complete load assessment for all realistic nperational st-tes
and emergency events, including low-frequency, extreme
transients

c lete stress analysis accounting for the loads mentioned
optimum construction

purity of the materials

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
treatmant and hydrotest

repeated non-destructive testing in service

- monitoring long-term behavicvur of material by surveillance

programs

The construction of any pressure vessel is regulated by the
ASME Code or similar national regulations (e.g., the AD-
Regelverk and Dampfkesselverordnung in the P.R.G.). Nuclear
vessels differ from conventional vessels in size, wall
thickness, the need for large attachments (cooling circuit
nozzles) and nozzle arrays (control rod insertion), higher
thermal and pressure transientr, and the hazard of radiation

emirittlement.

The exireme irements 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 Lhe failure rate by two orders of magnitude. The authors of
ACSNI (1982, p. 34) remark that the mentioned "favorable
factors are offset by (i) a diffarent environment including the
effects of irradiation though the latter can be minimized 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
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favorable and adverse effects is impossible to quanti i
absence of sufficient data." They cg:cludox "qu;oliosz.ln .
however, that the balance will be favorable and we judge,
although we cannot prove ist, that the failure rate of the RPVs
oog!tdorod in this study is likely to be less than

10 per reactor year."

The PRA studies mentioned cover only PWR vessels. The common
argumen that BWR vessels have to withstand a pressure of 70
bar only, compared to 150 bar of PWR vessels, implying a higher
llf.t{ 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 uouallz larger and therefore
made of rolled plates with longitudinal welds instead of forged
rings. There is no doubt that such a construction represents
reduced structural integrity.

9.3.1.2.1 Load and Stress Analvsis

Design pressures and temperature transients considered for an
RPV have to cover the normal operating, test, incident,
emergency and fault conditions, including common mode failures
and human error induced accidents (a faultless operation of the
emergency core cooling syster in case of LOCA and a defect-free
vessel are usually assumed). The stress analysis calculated on
this basis has to be consistent with the material properties.
The ASME Code section III requires that no unacceptable plastic
deformation should develop in any part of the vessel (when
subjected to the load conditions assumed) 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:

- Ptil: :tr..ools bending and membrane stresses, not self-
1 ting.

- secondary stresses: self-limiting, can be relieved by
yielding, e.g., thermal stresses and bending ciresses at
structural discontinuities.

- peak stresses: additive to the primary and secondary
stresses, urising from local discontinuities, stress

concentrations, atc.

Primary stresses are not allowed to exceed the design stress
level 8,. Secondary stresses must not exceed 35,.

The design stress level S, is limited according to U.S. Code
regulations (ASME Code II!) to 1/3 of the tensile strength at
room temperature (RT) or operating temperature and to 1/1.f%f of
the yield strength at RT and operating temperature of the
vessel steel. The German regulations (KTA-3201.2, 1984,
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 absoclute necessity since secondary stresses are
permitted up to 38,, and otherwise secondary stresses could
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exceed tha tensile strength of the material at structural
discontinuities (nozzle atiachments, etec.).

The ASNE Code Section I and VIII for conventional vessels
regquiies no detailed stress analysis; the vessel thickness is
determined according to the design pressure. The limiting
stress level S_ prescribed b{ the Code is 1/1,6 of the yield
strength or 1/' of the tensile strength at operating
temperature.

Nuclear vessels with ar “dequate wall thickness could not be
designed to meet the non-auclear Code requirements for the
projected pressure range and the given low-alloy rteel tensile
properties. Additional prescriptions for stress analysis,
particularly for the important parts of the vesse. vhere
secondary stresses might peak up to 3 Sy, had to compensate for
the reduction of the safety faztors for tensile strength and
yield strength and the problems due to the complicated vessel
gJeometry (nozzles, flanges, upper and lower head welds, control
rod and other instrument tube insertions, etc).

Some critical comments on selected points follow.
Load Conditions and Transients

The set of operational transients during the projected reactor
vessel lifet a8 specified by the manufacturing company is
intended to cover normal operation as well as

sitvations. It sust be doubted, however, that ALL poooXblo
situations of the complex systum can be covered.

"However, the design transients may not be fully representative
of situations vhere the reactor is under manval control or
undorzolnq aolliooton1n¥ or testing. 1n addition there have
been instances of vessels being exposed to transients other
than the specified design transients. These include
overpressurization vhen the vessel is cooled and wore recently,
rapid cooling of the vessel, vhilst still pressurized
('overcooling transients')" (Marshall, 1982, p. 62).

Stress analysis

Stress analysis calculations for complicated structures can
only be ormed introducing considerable simplifications.
This applies particularly to the nozzle attachment regions, the
penetration arrays for control rod insertion and the velds
between the cylindrical shell and the upper and lower head.
Welds are not treatsd as discontinuities. Welding-induced
residual stresses and possible embrittlement of the heat
affected zone (HAZ) are neglected as well as any kind of
defects (cracks, crack-~like flawe like slag inclusions,
segregates, etc).

In reality, even specified welding materials and procedures
cannot prevent the formation of defects in the welding moterial
and the surrounding HAZ. Another problem is the existence of
sultiaxial stress distributions that are not covered by the
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ASNE Code regulations. This can result in an underestimation of
vessel failure risk (Stahlberg, 1977, p. 283),

Finite element modelling is assuming increasing importance in
the analysis of complex regions of the vessel structure (flange
region, rozele attachment, etc). These calculations were tounx
to be ve u:nl::::o to the assumptions made (i.e., to
structural simp cations employed) and to the dotailed
conditions (Marshall, 1982, p. 64). ey

The uncertainties in the theoretical treatment of collective
icad assessment, stress analysis and defect state of the vessel
wvould therefore require extended experimental investigations to
establisn a veritication of the calculated stress profiles.

Experiences from German Reactor Vessels

«= The German Nuclear Code KTA~Regelwerk was lished from
1979 onvards. The vessels built before that time were supposed
to fulfill the ASNE Code Section 1IIl requiremsents. Actua )
the safety factor of the limiting stress level §, for tono!lo
strength wvas not 3, but only 2,7 for the RPVe in Stade,
Muhlheim=KArlich and Wyhl (TUV, 1975b, p. 1/18). Later, the KTA
regulations explicitly permitted this lower safety margin,

«= In the German Risk Study, Phase A, the authors claim that
RPVe are constructed optimally to account for stress profiles.
The minimization of weld seams vwith the aim of a more
integrated construction has to be attempted to enhance
structural 1ntoqutz of the vessels. A reduction to 70 § for
BWR vessels and 25 for PWR vessels compared to conventional
designs was expected (Onoders, 1977). Keeping in mind that most
of the RPVe in service will belo to the "conventional
design®, no credits can be taken for optimum construction.

«= Por the AEG DWR vessel design which wvas also used by KWU for
the series '69 (Brunsbuttel, rhtltppoburg, Zwventendorf/Austria,
Krummel, Ohu) and '72 (Gund remmi B, C), the circunferential
veld detween the lindrice ]l shell flange and the flat dish~
type lover head ("Tellerboren®) is a contested design feature.
Secondary stresses in the wveld region reach the value of yleld

strength at operating temperature (see fig. 9.1).

The KTA~ lwerk 3201.2 (latest version from 1984) contains no
specifications on this construction type (p. 62 merely atates:
7. "rellerbdden® - in preparation). KuBmaul admitted that this

is not an optimal design (Profil, 1978, p. 21).

-« Because of court resolut:.ons, a vide range of fabrication
details are knowr on the Krummel (KKK) reactor vessel. The
cylindrical shell is made of 7 rings with two longitudinal
velds on each ring (longitudinal welds experience twice the
load of circumfer<ntial velds, fig. 9.2).

The specified values ¢f tensile strength at RT as wvell as yield

strength at T 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
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plate did not have the specified thickness. The stress analys
vas vided by KWU at a time vhen the vessel vas almost v
completed (TUV, 197%5a).

9.3.1.2.2 Purity of the Material

The ASME Code permits a vide range of major alloying alements
for the commercial RPV steels SA-508 and SA-53)B (comparable
German steels: 22NiMoCrl7 and 20MnMoNiSS ). The vessel producers
usually define itions more restrictively in order to get
improved mechanical properties.

Very late, considerations started vhether restrictiors of some
ainor impurities could help to aveid r embrittie. nt (P,
As, 8b, Sn), to improve upper shelf to e (8), to limit
carbide formation and to reduce neutron irradiation
embrittlemant (Cu) (Marshall, 1982, p. 13/14).

Segregation effects during solidification cannot be avoided;
the tes change transformastion characteristics, reduce
the fracture toughness and enhance the incidence of welding

defects.

Inpurity segregation in the plates for the KKK vessel led to
the lem of finding rather pure areas for the no:tle

attachments. It vae to chlngo the jected rin
sequence in order to snsure lottot Ve dnblltg;? but ne v
completely segregation-free areas were found (TOV, 1974).

9.3.1.2.3 Morkability of the Steel

Beside the fact that welding defects in the wveld metal and the
HAZ cannot be avoided, the low-alloy steels have shown a high
susceptiblity to solidification cracking, reheat cracking and
Hydrogen-induced cracking (Marshall, 1982, p. 17). KuBmaul
observed a high susceptibility to atress relief cra king and
relaxation embrittlemsent for the German RPV steel 2iNiMoCri?
(RuSmaul, 1976). Based on these observations a resenrch progran
vas started to investigate cracking in samples from Gersan RPVs
and steam generators and to study possible effects of
relaxation embrittlement in the coarse grained HAZ (SR 10,
1976). About 50 § of the samples shoved either solidification
or stress relief cracking, 30 % shoved both.

Uncertainties concerning possible interactions of fabrication-
induced cracks vith residual stresses as vell as the
uncertainty whether simulation experiments allov stataments on
structural components enlarge the probles. While a complete
understanding of the controlling factors for hot .nd reheat
cracking, particularly in the HAZ, 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, Zr, Nh) should be achieved. Impurity
loqrogntlonn obviously also enhance the Hydrogen=-induced
cracking (Marshall, 1982, p. 19).
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A further welding problem is associated with the austenitic

cladding at the inside of the ferritic pressure vessel.

Narshall (1982, p. 21) reports under-clad cracking experience
in SA-508 after 1970. Under~clad cracking observations in

337&:=Cr37 vere compiled by the Oko-Institut (Okeo, 1983,
ol.11, p. 99),

Marked under-clad cracking was observed in 22NiMoCr37 and
20MNMON{SS steam rators. Strong correlations with impurity
segregation wvere found (Czerjak, 1978).

Recent investigations on under-clad cracking in SA~508 classe 2
forgings and 22NiNMoCri? (in the as~clad c0221tton and after
stress relief treatmsent) have confirmed that "cavitation and
intergranular fissuring can occur in the presence or absence of
intergranular particles (lopes, 1987).

Stress relief tempering vas usually performed at 550° ¢ until
it wvas found that this is the temperature r of high
cracking susceptibility of 22NiNoCrl? (KuBmaul, 1976, Py 220).
KuBSmsaul adamitted that stress relief treatment above 600° ¢
cannot avoid cracking while the critical temperature range is

passed through.
9.3.1.2.4 atxingent Quality contrel (Welding. Heat Ireatment)

Beside the unavoidable cccurence of cracking due to welding and
heat treatments (as described in 9.3.1.2.3), the quality of the
velds in ure vesssl steels de on the skill and
reliability of welders and on careful inspection procedures.

From KKK vessel fabrication reports it is known that the plates
had been welded without the required prevelding inspection with
non~destructive ultrasonic (US) testing (TUV, 1974, p. 2). Weld
defects had been found in high quality class components for the
Barsebick 2 reactor pressure vessel during the pre-service test
AFTER the final sanufacturing control (elag inclusions and lack
of fusion in nozzle/vessel welds which had to be ground).
Studies on the control methods during the manufacturing phase
have shown that these vweld defects have a lov detection
probability (SKI-ASAR, 1985, p. 43).

French programs vere forced to use automatic welding

procedar: , since 'o:!ortcnoo has shown that in case of welding
operations that are difficult to perform, because of the nature
of the electrode, accessibility conditions and environmental
problems, there is a need to minimize as much as possible the

hn..n_{.nsg: for it increases the risk of creating defects"
(Buchalet, 1979).

9.3.1.2.5 Ioughness of the Material

The strength of the materials must be sufficient to guarantee
structural in ity 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 fuctility,
characterized by the so-called upper shelf toughness. Tha
ductile~brittle transition temperature (DBTT) or nil-ductility-
transition temperature (T ) can be deterxined by Pellini drop
veight tests or Charpy | t tests.

The ASME Code specifies & minimum Charpy impect energy value of
68 Joule at temperatures above T + 33°, This opoclecnttcn
vas adopted in the German lll-au!azltnoo. All operational
conditions of the RFV are restricted to the upper shelf range.

wWith res t to these requirements, the main problem area is
not the metal but the wveld regions. The upper shelf
toughness of the weld metal can uonallx be matched quite well
to the base metal properties; the critical area is the
neighboring HAZ (Dahl, 1986, p. 31.1).

Fracture Mechanice

The theoretical description of the fracture properties,
particularly the calculation of critical defect sizes and crack
propagation behaviour, is performsed fracture mechanics.
Pressure vessel steels can fail by brittle (non-ductile)
fracture - the unstable crack propagation results in
ltontnnoou- rupture. This behaviour can be described using
linear elastic fracture mechanice (LEFN), assuming relatively
small plastic zones around the crack tip. Spontaneous fracture
vill occur as soon as the stress distribution around the crack
exceeds a critical value, the fracture toughness K;., vhich is
a characteristic material property. Critical crack iiu-u can be
calculated from measured K;. values.

Since most vessel conditions are supposed to be in the upper
shelf regime where LEFN is no more valid, the relevant crack
behaviour has to be desc.ib3sd alasto-plastic theories.
Several methods (J-integral, crack-opening-dispiacoment (0D},
Ré-method) were developed to analyze the critical crack
behaviour in case of extended plastic deformation with the
possibility of ductile failure.

Practure mechanice calculations assume an isotropic material
and neglect microstructural features (grain boundaries,
dislocations, precipitates, segregations, inclusions, voids
etc) and their interactions vith the postulated crack, waich
itself has ot:tctlx defined zoo-otric properties. This is
cortntnlx an oversimplification. In the ductile regime the
crack will begin t¢ grov at a certain stress intensity or
deformsation (characterized by K,. or by the crack initiation
value J;, as defined in oluoto-‘fc-tic (J=integral) theory.
Actually, in ductile regimes it is impossible to determine
valid Ky.-values, and J is not precisely defined); then it is
sup) to run into regions with higher toughness where it
vill be stopped before reaching a critical size (the
corresponding stress intensity for crack arrest is K;,).

There are no standard methods for the determination of gA and
ess

Kra+ The ASME Code recommends a reference fracture toug
cu%vo (Kyg v8. T) based on lower bound Ky, and Ky, values., Tr»
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validity of this procedure is still in doubt because of

size effects (Roos, 1986b, p. 24; KuBmaul, 1986, p. 3:.5::.:;:
also 4 t and section size effects (segregate distribution,
grain size distribution) on toughness (Marshall, 1982, p. 29).

The duvtile~brittle transivion temperature also seems to depend
on sample thickness, i.e. the transition might occur at higher
temperatures in thicker ssctions. Dynamical or quasi-static
conditi ~ presumably also shift the DBTT to elevated

temper 8 (KuBmaul, 1986, p. 25.6). Experimental

invest. ions have shown a saturation in the K,. and K

versus T curves above DBTT corresponding to the Sppor -ilxr
toughness (Roos, 1986b, p. 34.7), vhile the ASME code reference
curves 40 not include saturation at all. A further problem
arises fros the fact that very different upper shelf toughness
values wvere observed for plate materials and forgings
(Marshall, 1982. p. 83).

ASME Code and KTA-Regelwerk also nogloct @sible toughness
differences betveen base metal, weld aetal and HAZ. Variations
of additive composition can influenc~ the veld metal toughness;
the HAZ, however, remains critical.

Investigations on the failure behaviour of wide plates with
velded joints using fracture mechanice calculations have shown
both considereble underestimation as wveil as o>casional
overestimation of the failure leoads compared to experimental
results (Dahl, 1986, p. 31.15).

The unknown toughness properties of the HAZ and the
uncertainties concerning residual stress distributions in the
veld obviously do not allov reliable predictions of the
fracture pro ies of wide plates. Such predictions are even
more diff t for the complicated structures of real vessel
components. Therefore the structural integrity of the vessel
cannot be guaranteed by fracture sechanical simulations. It
dorond. doctotvo:; on the actual fabrication quality and the
reliability of fabrication and in-service testing.

*Whilst in general we are confidemt that velds could be
comparable vith base saterials, quality control procedures will
have to be ogoetttod carefully to avoid the use of lower
toughness wvelde® (Marshall, 1982, p. 34).

Elasto-plastic fracture mechanical calculations are performed
for reactor vessels in the UK; the German procedure is
restricted to LEFM simulations (ACSNI, 1982, p. 73).

In-service sdation of the to s properties is expected
due to thermal ageing, strain ageing and neutron irradiation

embrittlement.

Thermal Ageing caused by carbide precipitation and grain
bound segregation effects, especially in the coarse-grained
HAZ r::lon., can increase the ductile-brittle transition
temperature (DBTT). The authors of the British study (ACSNI,
1982, p. «2) assume that a 30 -shift might occur.
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l;;.;n_,..;n. and dynamic strain ageing as a result of plastin
strain interactions with impurities in the material vilg
{t.dtlinantly take place in vessel parts vith high stress
evels or stress concentrations. such as the inner nozzle
welds. A shift of the DBTT to elevated temperatures and a
reduction of the upper shelf toughness are the consequences.
rgozo SNI authors estimate the possible DBTT shift to be

Increasing amounts of strain and thermal ageing reduce the
fracture toughness successively (Stahlberg, 1977, Pp. 273).
Strain ageing embrittlement s a very dangerous effect since it
occurs in those parts that ulvait experience higher loads;
;hor:tcro failure could be initiated belov the testing stress
evel.

Thermal fatigue induced cracking vaes found at Barseback
(1976) in the spargers for the distribution of feed water in
the RPV (SKI~- ¢« 1985, p. 45). In Brunsvick~1l cracks were
found that begin in the inlet nozzle velds and pro gated
through the weld material into the low-alle steel of tg:
reactor vessel (NucWeek, 198%a, p.¢). A similar problem was
observed at Brunswvick-2 in 1988,

Superposition of the vars prestress effect (vars rrootroco
precluded crack extension) does not necessarily yield a better
ductility (Marshall, 1982, P 37).

Strain ageing effects are strongly correlated with material
purity. Recent investigations have shown that inhomogeneities
such as carbides and inclusions in the weld metal are closely
related to cleavage initiation (Irwin, 1986, p. 19-3),

l.n;xnn_;:g.‘*.{;gn_‘;‘.g;g in pressure vessel steels cause an
increase of yield strength, ultimate tensile strength and

hardness, and reduced ductility, characterized by a shift of
the DBTT to elevated temperatures and a drop of the upper shelf
energy. The DBTT shift increases wvith the neutron fluence. The
effect is enhanced by increasing copper content. Other
impurities such as Phosphorus, Arsenic, Antimony and Tin seea
to promote the embrittlement. Recent atom-probe field ion
microscopic results from irradiated vessel steel velds indicate
the existence of radiation-induced Cu-rich precipitates and
Phosphorus-enriched Mo carbides and Phosphorus segregation at
the grain boundaries (Miller, 1987).

For design purpcees, the trend curves of the U.S. Nuclear
Regulatory Commission Reg. Guide 1.99 Rev 1/1977 (NRC, 1977b)
describe the influence of the Cu content of the DBTT-shift
versus neutron fluence (fig. 9.3). The deteriorating effect of
the copper content on the radiation resistance of vessel steels
vas not known when the first RPVs were fabricated. Late: on,
Cu-content was restricted to levels below 0,10 §. 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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PWR vessel welds are known to contain up to 0,28 % Cu. As a
result of the alarming observations of Cu enhanced radiation
embrittiement, the proioctod end-of~life fluence was reduced by
the use of dummy rods in the outer coso areas (GOK, 1987). A
limiti neutron fluence of 1E19 n/cm“ wvas prescribed be the
RSK~Guidelines 1981, but the facts indicate that this limit
cannot be met by German PWR vesse!s.

Examples of Radiation Embrittlement in Specific RPVe

«= The KKS (Stade) vessel has rmassed the RSK fluence limit at
the end of 1986. A DBTT shift of more than 120" has to be
assumed from surveillance experiments, associated with a
significant drop of the upper shelf energy. Only few data exist
on radiation effects in the HAZ - the deterioration there might
be even worse than in the weld metal (GOK, 1987).

The RSK-Guidelines restrict the operation of an RPV to
tonporaturo—gr'-our. ranges where the material propzrttoo are
“ 3

in the ducti regime (temperatures above DBTT + 33%, upper
shelf energy 68 J). It has to be suspected that those
requiressnts are not tfulfilled for the beltline weld at KKS§,

= 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 P content, icularly in the weld. Older VVER-440 vessels
vith radiation-induced embrittlement have recently been
annealed at 430° C to recover the original toughness
properties: Novovoroneth-3 (1987), Armenskaya (1988),
Greifevald/GDR (1988) (NucWeek, 1989a, p. 5). These annealing
procedures might be of questionable success since recent
invastigations have shown that “the sensitivity to re-
irradiation embrittlement is high compared to material that
received the same fluence but which has not been anealed"

(Hawthorne, 1988).

-« Serious radiation-induced embrittlement vas also reported
tor Japanese RPVs (Anderson, 1986, p. J7).

«= Older US PWR vessels contain 2 0,15 wvts Cu. Cu-precipitation
dominated embrittlement is is assumed (Darlaston, 1986,
p.26.12).

9.3.1.2.6 Non-destructive In-service Teatind

Fracture mechanics wethods assume A defect~free material for
the calculation of the critical size of a geometrically well-
defined crack. They neglect all ssible interactione of this
eingular crack with other possible microstructural features.
considering the simplifications in stress and loading
assessment, the uncertainties of the material properties data
base, possible synergisms etc, the mafety of an RPV cannot be
guaranteed by theoretical simulations.

The leak-before Rreak criterion might be valid for certain
parts of the structure under special transient conditions but
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cannot Le relied upon with respect to vessel integrity. The
essential contribution to the safety of an RPV will therefore
come frum continuous testing procedures during service.

The ASME Code (anu KTA 3201.4) prescribes a pre-service cold
n:n:,;..i (that should be repeated several times during the
Service life) at 1,25 times the design pressure (KTA: 1,3 times
the dout:n pressure) at a temperature above DBIT to aveid
brittle fracture conditions. Marshall (1982, p. 77) does not
believe that the hydrotest can “establish the absence of
unacceptable crack sizes". He suspects "that it BAYy cause some
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",

Illlﬂlflll! is a reliable toul for conventional weld quality
control, but it is not applicable for most parts of an RpvV.
Contrast sharpness and resolution are not sufficient due to the
scattering in the thick vall. The size of defects in the

important depth direction cannot be mersured.

is applied to the inner
scover surface cracks and
environmsental damage of the ¢ladding surface. There is no other
vay to check the surface of the vessel for corrosive attacks.

Stress corrosion and corrosion fatigue are sovere problems for
the ferritic steel as scon as the austenitic cladd is
damaged. Stress corrosion cracki of the clad material could
occur in oxygenated vater vith Chlorine contamination.
Experiments at the inner nozzle weld cladding have shown that
the ASME III design curve (stress corrosion) is not
conservative for the cladding materieal used in German pressure
vessals (Jansky, 1985, p. 32.26).

Fatigue cracking of the clad can develop st the inner nozzle
veld corner due to the high stress concentrations. The
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).

A major rrobloa of visual inspection during service is the
impossibility of access to .‘nX problem areas (the vessel
bottom with control rod insertion noszzles in BWRs, coolant
noztle welds, etc) and the radiation hazards for the personnel.

mmmmngmfm vill therefore
constitute the central part of testing procedures. In order to

achieve an effeciive assessment, a complete overall examination
©of the vessel before installation ("Nullatlas®) 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 po-otbility of testing has to be guaranteed.
In-service testing covers only welds. Several criticsl parts of
the vessel are even not accessible for ultrascnic testing
(bottom nozzle areas in BWRs, parts of the nozzle welds).
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Vitrasenic testing during fabrication and pre-service
inspection used to be performed manually with contact probes.
In~service testing requires remotely operated equipment to
reduce radiation exposure to the operator. Automatic technigues
are obtaining increasing importance.

Vitrasonic examination from the inside and the outside of the
vessel would be desirable, but is commonly not performed.
Manual examinations allow the operator to notice clusters of
snall defects with sizes belov the specified critical value,
vhich nevertheless can be critical if they are very close
together. Automatic systems with the threshold registration
level adjusted to the specified criticai value cannot detect
such defect agglomerations.

PISC (plate inspection steering committee) I rrox:cl results
have shown “"considerably worse effectiveness in tecting and
sentencing sets of defects compared with single defects of
similar overall size® (Marshall, 1982, T. 86). Marshall
estimates the effectiveness of ultrasonic testing to 50 &
probability of detecting a defect size of 6 mm and 95 §
probability of detecting a defect size of 25 mm.

Vitrasonic in-service tes*ing does not permit an assured
localization of cracks, and measurement of their size,
extension, depth position and configuration. The transformation
of registered signals into a defect topography is not possible
(Stahlberg, 1977, p. 276).

Details of existing Gefects in the vessel that would be
required for fracturs mechanical failure assessment cannot be
derived with sufficient sccuracy from ultrasonic testing
results. This did not change vith improved measuring
techniques: lund:z.(x!l:. p. 112) reports that *the nature, the
actual size and orientation of detected defects cannot
be detsrmined from ultrasonic measuresents. Practical
experience with ultrasonic testing for the quality control of
steel pressure vessels has shown chat in spite of correct
testing performance according to the Code regulaticns, the
quality requirements were not alvays met (Werden, 1983, p.
179).

Marshall (1982, p. 94) reports that "some theoretical studies
have highlighted limitations of present inspection procedures,
& gengral conclusion being that current threshold recording
levels should be reduced considerably to ensure reliable
detection of planar defacts®.

Further problems for the ultrasonic detection of near-surface
defects arise forwm 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
fatigue cracking, particularly in areas exposed to stress
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concentrations, with the subsegquent danger of stress cor
of the undotxyinq ferritic material. -

Technical problems of the ultraseonic testing originate fros
ultrasound coupling difficulties for contact probes and
scanning difficulties in cace of supplementary autometion,
including calibration and comparability problems.

9.3.1.2.7 Leng-term Menitering by Surveillsnce Proqrame

ASNE Code (and KTA) regulations demand in-service irradiation
of steel samples in pesitions between the core and the vessel
vall so that the elevated neutron fluence at the samplin
position will simulate vessel conditions in the future (due to
the hi r neutron fluence density at the irradiation point
(ASTM E 185, KTA 320)3).

The long-ters lonttettnz is based on the axperimental analysis
of these » les according to a specified temporal schedule,
simulating lifetime of tha vessel. Cha impact tests and
fracture mechanical evaluations are to provide predictions of
the future irradiation affected tou'hnooo‘z:og‘tttou of the
vesse) steel. The data on DBTT-shift and racture toughness
reference curve Kyp for different neutron fluences are supposed
to verify the curves for the \inear elastic reyime.
Result~ on the upper shel{ energy vill be to assess
the hazards of ductile failure for future irradiation

conditions of the vessel.
Several limitations, howvever, should be kept in mind:

-« The irradiation of the surveillance samples occurs without
applying stress; vhereas the vessel material experiences the
irradiation under different load conditions (with spatial and
temporal variation).

~= The thermomechaninal history of the surveillance samples
wvill oortntnxl differ from the raal 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 effects on radiction-
induced defects could result in significant differences between
the samples and the real state of the exposed vessel.

= Surveillance samples need to be rather small, wvhich is
11-1t1n2 the extrapolation of the fracture mecaanical
evaluation to the vessel properties. The crack initiation and
the crack resistance curve depend on specimen size and

geometry.

Recent experimental studies on the validity of the surveillance
programs were performed by the MPA Stuttgart using tlepans from
the RPV of the shut-down Gundremmingen-A BWR (2%2 MWe, 10 years
of cporotiog, total fluence at the vessel wvall about

2.4E18 n/cmn®). The results were compared with existing
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surveillance sanples and additional irradiate
o b d archive

It turned out that "on the basis of the chemical

(Cu and P) and the calculated local fluence the .:::::::txon
behaviour cannot be ,rt‘lcto‘ conservatively by the trend
curves of the Reg.Guide 1.99, neither with respect to the
§::?’1tton shift, nor the drop in the upper shelf"™ (Kubmaul,

The irradiation effects on the archive material (identical
chemnical composition) e ed to the threefold neutron fluence
vere ssaller than those in the vessel trepans. Strong
orientation effects were found.

These results indicate that the sensitivity to radiation=-
induced embrittlement ircreases with decreasing neutron flux
density and that orientational effects due to fabrication=-
induced anisotropy and/or due to applied stress distributions
during irradiation sxposure cannot neglected.

Recent US investigations on ASTM-AJ02 B plates have confirmed
the tendency of these results for high Cu content welds: "The
intermediate fluence rate appears to be more damaging to the
veld than the high fluence rate® (Hawthorne, 1988).

If these experimental results prove to be valid, the
surveillance ::::rnl would ool.:=:¢ completely as a
co::::uonoo. use the real ittlement of the vessel would
[ I8 by far the simulation results fros surveillance
sonitoring. Ar4 there would be no sibility to estimate the
actual toughness properties of an in-service vessel due to the
lack of knowl on the dose rate dependence of radiation-
induced embrittlement.

$.3.1.2.8 ll!.llLlHll.!l;”£==:E==illl_!!llll_zIllﬂll_:
Qe

In 9.3.1,2.2 = 9.32.1.2.7, it vas attempted to discuss the set
of quality-improving factors that are supposed to substantiate
the reduction of the assumed nuclear vessel failure rate by a
factor of 100, compared tc the conventional vesssl failure
rate. The real manufacturing and inspection experience as vell
as recently published research results wvere en into account.

~= Compared to high~quality conventional vessels, no extra
safety margin in the design of nuclear vessels can be assumed,
on the contrary: Additional stress analysis and fabrication
inspection appear to be necessary to compensate for the reduced
safety factors.

-« Idealizations and simplifications in stress analysis
calculations and the uncertainties concerning the completeness
of desi transient assumptions combined with the complicated
geometrical structure of a nuclear vessel and its extreme
operational conditions cannot support a reduced failure

probability.
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= The majority of existing reactor vessels is far fros the

&' ired integral vessel layout vith reduced weld lengths. In

b icular, the German BEWR vessels vith longitudinal welds and
& ..at dish-type bottom cannot satisfy the claimed “optimum
design® quality,

== The purity of the material is not a convincing quality
characteristic., The discussion as to wvhich element should be
restricted to what level to improve toughness, radiation
resistance, weldability, corrosion resistance etc. continues.
Many of the existi vessels vere built at a time vhen the
influence of some alloying elements or impurities on specific
properties were not yet known.

== In practice, unavoidable segregations as vell as
sanufacturing insufficiencies have raised problems in meeting
the minisuns pnrttx specifications. In very fev cases details
are known concerning fabrication events: virtually unacceptable
defects wvare left unrepaired in order to avoid additional
repair-induced deterioration of the component.

== The lov-alloy steels (SA 508, 22NoMoCri?) are susceptible to
solidification cracking, stress relief cracking, and Hydrogen-
induced cracking. Significant underclad cracking vas observed.

== Only fev factual reports are known about the "human factor"
concerning wvelding defects, heat treatmant mistakes, etc. The
known events involving manufacturi problems and detection
deficiencies shov that optimum quality cannot be guaranteed.

== Practure mechanics concepts ¢ ctainly allov the

inte tation of an extended vartotZ.o observed material
behaviour. Nevertheless the fundamental simplifications,
together vwith the limitations of the specimen-size-dependent
experimental data base cannot yet yield reliable results on the
structural integrity of the vessel.

-= Stable growvth of a postulated crack depends on the upper
shelf energy, the existing constraints in the component and
the course of the transient (pressurized thersal shock is
supposed to be the most severe transient).

~= The upper shelf ene is a time~depandent material state,
degrading during operation due to ageing, strain ageing,
radiation embrittlement and possible interfering effects.

== Crack arrest curves for shallov cracks that could initiate
brittle feilure could not be demonstrated to constitute
reliable predictions for the behaviour of samples. The
situation in the real component is significantly more
complicated involving different material states due to
fabrication (welds, HAZ) and operational degradation
(thermomechanical ageing, radiation effects) as well as various
stress profiles due to the geometricsl features in the vessel,

and the postulated transient.
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== Thermal ageing, strain ageing and radiation effects ¢
considerable .ht’é of the D to elevated tonptraturcoc:::.a.
drop of the upper shelf energy which can differ in different
parts of the vessel (velds, HAZ, inner notzle veld corners).

== Further degradation of the vessel integrity can originate
from stress corrosion rrocooooo if 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

~= For the non-destructive testing methods, the required
effectiveness in detecting critical defects vwith sufficient
certainty could not be confirmed.

== The approach of 1ong-tnru monitoring of the RPV material
state based on surveillance programs must be regarded as
entirely invalid if the recent results on enhanced radiation
embrittliemant at lov flux densities are verified.

In viev of these problems concerning design, fabrication,
testing and operation, it is not appropriate to assume that the
structural in ity of reactor pressure vessels is better than
that of convent ongx vessels b{ a factor of 100. Therefore a
failure rate of 10 year cannet be derived from
"better quality",

The Oko~Institut (Okeo, 1983, Vel.IlI, r. 121) concluded that
there ars no evident reasons that could justify the assumption
of an RPV failure rate gt 107" per vessel year as o ed to
the failure rate of 107 r vessel year for conventional
vessels. Therefore,K a failyre rate for reactor pressuré vessels
in the range of 10 6 . 10 per vessel year is assumed.

per vesse

9.3.2
Marshall (1982, p. 104 ff)

Marshall reviews the status of the failure rate calculations
based on fracture mechanics simulations. Simplifications and
statistical uncertainties linit the validity of the procedures.
The problems: associated vith the ass ions on crack sizc
distribution, material state and transient stresses can be
summarised as follows (according to Marshall):

= The knowledge on crack distribution in the vessel is
limited; the crack height distribution is estimated from
assumptions on the manufacturing process and detection
probabilities.

-= The variability of crack shapes, orientation etc. is reduced
to the assumption of a single crack type with specific shape
and orientation.

-« Pabrication-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. Experimental studies (PISC) indicated an
insufficient effectiveness of the coamonly used procedures.

== The basic laws and mechanisms of fatigue crack growth are
still uncertain. The equation which is generally used "may not
apply over the whole range®.

== Due to the lack of empirical information on frequency and

aagnitude of tranasients during normal orcrction and emergency

::ndt:lonl. the alculations have to rely on specified design
ansients.

It is assumed that the magnitude of transient stress is more
important than transient frequency.

Thg.ealcul,tod failure rates in the revieved analyses amunt to
10 - 10 per vessel year.

Toe failure ility is shown to be sensitive to the . nitial
crack size distribution, to the location of the crack in the
vesssl, to the accuracy of the transient stress intensity
rofile, and the crack growth rate. The nozzle regions and the

ttom head are supposed to be responsible for the largest
contributions.

Narshall recommends: "Particular failure probavilities ahould
not be taken too 'litarally' at present because they are
sansitive to factors which remain uncertain.®

Battelle Calculations for the Gersan Risk Study, Phase B (Geis,
1985)

The fracture msechanical analysis of failure rates in case of a
thersal shock event assumes linear elastic behaviour of the
naterial and cooling with rotational symmetry; the austenitic
cladding is neglected, no credits are taken for vars
prestressing.

The calculation of the failure probability depends very
strongly on the crack size distribution and the fracture

to + The assumption concerning the crack size
distribution is based on ultrasonic fabrication testing results
and estimates on the detection efficiency. The authors
emphasize that the quantification of crack size distributions

contains "the largest uncertainties®.

The simulation of radiation embrittlement is derived from a
copper content of ,,13 - 0,08 wtt and an end-~of-life neutron
fluence of SEl8/ca“ (which seems ite lowv for PWR vessels).
Because of the lack of a systematic analysis of relevant
transient stresses for German reactors, assumptions from US
studies wvere used together with parametric variations of

temperature and pressurc.
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De ing on the postulated course of the transient, the

calculated failure probabilities vary h!.ll*l&ll.?tlﬂ:l_ﬂl
...n;;n’.. Extreme transients can initiate instable crack

gr or relatively small crack sizes.

The amount of the temperature drop during & postulated
transient appears to have the largest effect on the failure
rate. Depending on the duration of the temperature drop (0 =~
100 min), conditional failure rates of 1E-6 - 28«7 for a 100°
drop, and 7E-4 to 2BE-5 for a 250% drop were found (fig. 9.4).

The figure illustrates the influence of the di!t.rons
assumptions concerning crack distribution: For a 150
temperature dr:rét:ho predicted failure rates for pressurized

thermal shock er by four orders of magnitude.

Severe thsrnoohoou transients with a temperature drop of at
least 250% (small LOCA) have a design frequency of 5 times
duri reactor life (Marshall, 1982, table 4.1). The
contribution to the failure rate of the vessel due to
therscshock events would therefore amount to 2,5E~6 - 9E+~5 per
vessel year (using the KWU-crack distribution results: JE-6 -
4E-4 per vessel year).

Both analyses shov that theoretical failure probability
calculations are very sensitive to the assumptions on material
state and transient profile. These assumptions are
characterized by extreme uncertainties.

9.4 RPV FAILURE WITH SUJSBQUENT CONTAINMENT DAMAGE

This section provides the link between RPV failure
considerations and level 1I of PRAs.

In PRAs, the risk of RPV failure vith subseguent containment
camage, based on an RPV failure rate of 10 " per vessel year,
is assumed to be not significant (WASH-1400, 1975, app. V-46).
The -1:111:I of ure vessel rupture vith fragment
nissiles proro led tovards the containment causing severe
damage is only discussed for steam explosions.

A more reccnt U.S8. study also comes to the conclusion that
containment failure will not occur after RPV failure (Simonen,
1986). This study, however, considers only large, dray PWR
containments consisting of a concrete hull vwith a steel liner.

The German Risk ltud! (DRS A FB 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. Parly containaent failure
following RPV rupture is therefore excluded (for a large, dry

PWR steel containment).

The authors of the study performed by the Oko-Institut (Oko,
1983, Vel.II, p. 131).:.till tho failure rate for the reactor

pressure vessel at 10 « 107% per vessel year. They also show
possible trajectories for ejected fragments (fig. 9.5) that
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could penetrate the containment, Accordingly, RPV failure with
:r::oquont containment damage will contribute significantly te

The authors of ACSNI (1982, p. 87) claim that, based on their
assumption of a failure rate < 10 6 per vessel year, the
"probability of failure with fra tation will be considerab)y
ssaller provided upper shelf conditions apply". They "feel that
the estimate of 10 FAr reactor year assumed in the ZION
analysis l:;vi.ll be reasonable® and they cenclude therefore
"that the failure with almost simultanevus containment
failure may lead to a release comparable to that due to the V-
accident (i.e., an extremely hi release), cn’ that this
releass vwill have a frequency of less than 10°’ per year".

For the p)anned nuclear r plant BASF-Nitte, which wvas to be
built # tne site of a ¢ ca ;lnnt, the Gersan Reactor
Safety Commission (BAZ-110, 1977, p. 1.172ff) demanded special
provisions against RPV rupture. This *"rupture protection
system® (Berstschutz) wvas lup::::‘ to protect the containment
and other relevant safety sys against pressure vessel

fra ts. The main concern vas obviously a vessel failure due
to longitudinal cracks, or break of the circumferential weid of
the lower head. The RSK emphasized at that time that the
"Berstachutz®-requirement should not be seen as a consequesce
of modified PRA estimates, but rather as an additional
protective measure because of the siting of the reactor within
& chemical plant and in an area with a high population density.
(The plans for BASF-Mitte vere later ‘)

The formation of miesiles is not the only mechaniss vhich can
lead to containment failure after pressure vessel ture. Fror
ssall, pressure-suppression containments, it is likely that the
capacity of the sure-suppression system vill be exceeded
since coolant will escape from the primary circuit at a
significantly higher rate in case of a large rupture in the
pressure veseel than in case of the most severe design-basis
accident (double-ended break of a main coolant pipe). Such
containments will alec be more vulnerable to missiles than

large containments.

It is evident that probability estimates for containment
failure due to RPV ure are far more inaccurate than
estimates for RPV failure alone (vhich themselves are
charactarized by a considerable nnoortatatyi. Another factor
contributing to the inaccuracy of quantitative estimates is the
unoortltntg.ot the prediction of pressurization pulee duration
and pulse height during extreme transients (Ju, 1982).

It must be concluded that sariy containment failure due to RPV
failure cannot be neglscuted as a risk contributer. The
conditional probability of containment damage resulting from
RPV failure depends on the containment t « It must be assumed
to be close to unity for ssall designs 1 PWR ice condensor
or BWR containments. lLarge, dry PWR containments will have
batter chances to remain undamaged. This holds especially for
concrete containments with steel liners.
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10 BARLY CONTAINNENT PALLURE

10.1 INTRODUCTION

The focus of lavel II of a PRA is the fraction of the
radicactive 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
energy (vhich affects plume rise). Together, these
characteristics constitute the accident "source term",

Obviously the most serious consequences can be expected for
accidents which involve early releases of radiocactivity and
high source terms. Those two aspects are closely linked, since
the later the containment fails, the more time Io available for
sedimentation and other processes in the containment which can
significantly reduce the source term. However, there are
processes (e.g., evolution of Iodine from ls of water which
boil wher containment pressure falls) which can lead to
significait releases even if the containment fails after many

hours.

Within the framework of this .‘“‘I' it is not our aim Jo enter
a detailed iiscussion on the complex questions of assessing
source terms for various release modes. Instead, the subsequent
discussion concentrates on mechanisms which can lead to early
containment failure, and on the problem of estimating their

probabilities.

We 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 resctor designs.

The most important mechanisms for early containment failure
are!

-« Failure of reactor pressure vessel (RFV) and subsequent
miseile-induced containment destruction

-= Containment bypass via the steam generators or connecting

lines or thro failure of containment isolation

High ure melt ejection

-= Containsent melt-through (particularly for older BWR
designe)

-- Hydrogen deflagration or detonation

-~ Steam explosion

-= External events, for example containment penetration by
airplane crash

Failure of the RPV is also a very important issue in PRA Lavel
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 man.er in PRAs,
questions of Hydrogen deflagration or detonation and steanm
explosion are treated separately in sections 11 and 12.
External events are discussed in section 13. The other failure
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mechanisms mentioned above are usually included in PRAs -~
although with some omisrions - and are discussed briefly in
this section.

in a level II PRA analysis, the various Potential containment
failure mechanisms should be examiiied in a systematic vay. For
this ruraooo. containment event trees have bean developed. In
the first draft of NUREG-1150, such event trees vere developed
to a colyloxxt¥ beyond that of previous PRAs , accounting for
the following issues:

== Conditions in the reacior coolant systes and centainment
Prior to core melt;

== failure modes of the reactor coolant system;

== potential for, and implications of, relevant phenomena

NG an accident oo!u.noOJ
- lurvlvnbiltt¥ of containment systems (eo.9., sprays): and
== containment failure modes.

NUREG-1150/2 has further refined this conoozt. introducing the
idea of an “accident rogression event tree®. That tree begine
wvith accident initiation and i'roceeds through containment
failure. In thie vay, containment behaviour can be explicitly
linked to other aspects of an accident sequence.

If empirically derived probability distributions were available
for each node of such an event tree, it would be sible to
calculate a credible distribution for the probabi itiy ot early
containment failure (absolute, or cunditional upon core melt),
A superficial reading of NUREG-1150/2 might lead one to
conclude that this type of calculation can be done. However,
the necessary data are not available, and NUREG-1150/2 relies
upon "expert judgment® as to the various ouhotdinrytg:obnbility
distributions. Hence, that report's findings as to

probability of early containment failure do not have a
scientific basis.

10.2 SUMMARY OF MAIN PROBLENS
Reactor Pressure Vessel Failure

Failure of the reactor pressure vessel can lead to early
containment failure, if missiles are generated. Thias
possibility is usually excluded in PRAs. The conditional
probability of containment damage as a result of RPV failure
depends on the containment type. It may be close to unity for
small designs like PWR ice condensor or BWR containmentas.
large, dry PWR containments will have a better chance of
remaining undamaged. This holds especially for concrete
containments vith steel liners. Por further details, see

section 9.

Containment Bypass

Three major possibilities for containment bypass are
considered:
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-~ §team generator tube rupturc (SGTR) at PWRs
«= Pailure of coantainment isolation
-= Interfacing systems LOCA

Steam generator tube rupture may follov a core melt or might
act as a severe core damage initiator. In both cases a pathwvay
is © from the reactor coonlant l{.t‘l to the secondary
cooling circuit, bypassing the containment. Considerable
uncertainty exiets concerning the possible failure of steam
generator tubes in case of core damage accidents under high
systes Yrooour'. Most PRAJ do not consider this as & nechanisms
for early containment failure.

Spontanecus rupture or rupture of steam generator tubes as a
of steas line break or failure to SCRAM can

initiate a core melt sequence. railure of reclosing of
secondary relief valves might then lead to a core melt accident

vith open containment.

Regarding failure of containment isolation, US experience
suggests that containments can be ted to exceed their
permitted leak rates in 308 of the time. They can be expected
to have & large leak between 0,1% and 18 of the time.

High Pressure Melt Ejection (HPME)

The analysis of HPKE suffers from considerable uncertainties.
There is o,roon.nt. hovever, that in case of its occurrence the
potential for containment failure exists even for the largest
and strongest containments. The special .mportance of this
sechaniss lies in the fact, that it leads to an extremely high
source term, &s vas shown, for example, in the Gersan Risk
study Phase B.

on the other hand, avoidance of HPME by deliberate or accident~
induced depressurization of the reactor cooling system might
create "ideal® conditions tor containment-destructive steas

explosions.
Melt-Through of BWR Containments

For some older BWR conttinment designs such as the U.S. MARK I
and the German BWR-69 the conditional probability for early
containment failure may & unity. In case of core damage
accidents the stesl conta t vill be penetrated by molten
core material within a short time, vhich has the effect that
lavge leak areas in the containment boundary are opened. A
sinilar phenomenon has also been identified for PWR Ice
condensor containments. These effects are addressed in NUREG-
1150 but generally not in other PRAs.
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10.3 BACKGROUND
10.3.1  Containment BYRass

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 radicactivity could leave the
containment in the event of a core melt 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
adjacent to the containment; or

* paths from inside the containment (but outside the RCS)
direct to the environment outside the containment or to
buildings outside but adjacent to the containment.

An indication of the variety of potential bypess paths is
provided figures 10.1 and 10.2. Firet, figure 10.1 provides
& kighly » lpi‘ttod ptctur:n:! th:.rovOttoonvorzian1:yot‘n,
emergency cooling systes, containment spray/cooling systes
tor the Oconee PWR. This diagram shows that the RCS is
connected to a variety of pipes wvhich penetrate the
containment. Some of these connections link the RCS to piping
systems (often outside the containment) wvhich are designed for
rrooouroo such lover than RCS operating pressure. Indeed, it

s said that a typical PWR has 20-25 valves associated with the
RCS which serve as high-lov pressure interfaces (Wheeler,
1989). Thus, failure or inappropriate opening of valves may
connect the RCS to a lov-pressure piping system ocutside of the
containment; a rupture in that system could then create an
unmnitigable LOCA and a consequent core melt, as wvell as

creating a release path for radiocactivity liberated from the
solten fuel. This scenario, known as an "interfacing systems
LOCA®", has attracted considerable attention in many PRAs.

In recent years, PRAs have generally found that interfacing
systeme LOCAs make a small contribution to core melt frequency.
However, US operating rience -~ at least for BWRs -~ casts
considerable doubt on this finding. In a 1985 study (lLam,
1965), the NRC examined BWR operational data from 1975 onward,
looking for interfacing systems LOCAs. A total of eight
precursors vere identified, suggesting that the probability of
an emer core cooling system (outside oontatnnnngi being
pressurized to twice its design pressure is about 10 per
reactor year. If the probability of failure ot-iho oyeg,n at
this pressure is taken to fall in the ran 1077 to 107¢, as
the NRC's study suggests, then the probability of an ol
1ntgrtuc1nq systems LOCA (leading to core melt) becomes 10 ° to
10" per reactor-year. This probability range is two or three
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:rdoru of magnitude higher than the probability typically shown
y PRAs.

A serious precursor event to an interfacing systems LOCA
occurred in the German PWR Biblis A in December 1987. One of
twvo valves separating the reactur coolant system fros the lovw-
pressure injection systes had been left open at reactor start-
up. To avoid the necessity of shutting down the reactor, the
second valve vas opened for 7 seccnds to Create a pressure
pulse to shut the first valve. This attempt failed. Luckily the
second valve did not remsain stuck open like the first. Thin
accident sequence had olroa‘l been dro’g;: from further
considerstion in the Gersan Risk Study 8¢ B, because it had
been expected to make no significant contribution to risk (see
also section 6.3.1).

Also to be noted from figure 10.1 is a path from the RCS to the
environmsent via the steam generators; this is a potentially
important path for all PWRs. In the event of a rupture of
stean ator tubes, a path vill be opened from the RCS to
the main steam lines. Attached to these lines are pressure
relief valves vhich communicate directly to the outside
atmosphere. Thus, a core melt scenario invelving steas
generator tube rupture and the opening of seco side reliet
valves (which may stick open) will feature a di path from
the core region to the ocutside atmosphere. This scenario is
discussed belov at greater length.

For BWRs, an egquivalent scenario involves leakage through the
sain steam isoclation valves, vhose function is to isclate the
RCS from the power conversion system. In contrast to PWRs,
however, the power conversion system of BWRs is designed for
full RCS pressure. As a result, it may be possible to avoid
major leakage from the power conversion system to the
environsent .

Turning now to fi 10.2, one finds a highly simplified
picture of potantial connections between the containment and
the outside environment at the Surry PWRs. It will be noted
that large equipment and personnel hatches penetrate the
containment, as do large-diameter pipes (36 inch diameter, in
the case of Surry) wvhose purpose is to purge the containment
atmosphere. ‘

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
tha potential “or failure of containment isolation.
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Bypass Via PWR Steam Generators

For illustration of the parameters of this problem, consider
the Ginna plant, which suffered a steam generator tube rupture
in 1982, This 490 MWe PWR cperates 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 steas
generator, venting directly to the atmosphere. These relief
valves are located upstream of the main steam isolation valves
and are set to open at a pressure of about 75 bar. Each of the
tvo steam generators contains about 3300 U-shaped tubes, each
tube having an outside diameter of 22 mm and a vall thickness
of about 1 mm. The 1ncortootn? area :or steam generator is
about 4000 square meters (Sholly, 1986).

The low thernal mass of the steam generator tubes makes them
vulnerable to failure by overheating during a core melt
accident. This vulnerability is illustrated by figure 10.3,
vhich showvs estimated tube rupture time as a function of
temperature and diffeorential pressure (note that 1 MpPa =

10 bar). Thus, steam generator tube rupture (SGTR) may follow
core melt., It may also, however, be a core melt accident
sequence initiator.

As an accident initiator, SGTR could lead to core melt if
ol.r‘ongx.ooro cooling systems were unavailable or became so
during sequence (g, due to loss of coolant inventory to
the secondary side). During such s , the secondary side
relief valves are likely to ofon. c:: experience suggests that
there is a substantial probabiii that one or more of thems
vill fail to re~close. In the latter event, there will exist,
even before the accident has proceeded to core melt, a direct
release path from the core to the atmosphere.

Spontaneous tube ruptures are relatively common events. This
is not surprising, considering the dimensions of the tube
valls, the harsh conditions to vhich they are exposed, and the
difficulty of detecting weakened tubes through routine
inspection. In addition, however, SGTR could occur as a result

of the tanry/oooon¢¢r¥ ressure 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
a8 a spontanecus rupture.

As indicated above, SGTR could also be induced by pressure and
temperature effects arising during core melt sequences which
have other initiators. These effects will be relevant for
sequences in which the RCS remains at high pressure up to and
during core melt. During such sequences, there may be a
substantial pulse of pressure on the primary side of the stean
enerator tubes when the molten core slumps into residual water
n 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 radicactive
paterial within the tubes.

The tamperature effect raises an issue vhich is generic to high
pressure core melts and which is also relevant to the
:hono-non of high-pressure melt ejection. This issue is the
eating of the entire RCS boundary by convective heat transfer
and deposition of radicactive material. Such heating could
lead to a breach of the RCS, either in the steam generators or
ax locations such as the "hot leg” piping or the pressurizer
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
heat transfer rather than on heating due to deposited
radiocactive material. Even with this limited focus,
considerable uncertainty remains about the potential for
heating of steam gensrator tudbes (NUREG-1150, 1987). 1In light
of this uncertainty, it can be argued that thermally induced
SGTR must be considered a potential containment failure
mechanisn for PWRs (eg, Lyon, 1987).

NUREG~1150/2 concludes that thermally~induced failure in a hot
leg is likely for some htqh-rrooouro PWR sequences, but that
thermally~induced SGTR is un tuolz. As vith other NUREG-1150/2
findings, however, this reflects “expert judgment® rather than
empirically based analysis. Moreover, NUREG-1150/2 does not
consider heating of steam generator tubes by deposited
radicactive matericl. Thus, the issue remsains open.

Steam generator tubes are also vulnerable to impact by small
objects circulating within the RCS. Two instances of US
experience are illustrative. First, North Anna Unit 1
experienced a rupture in Febru 1989, induced by failure of a
plug inserted in November 1985. t plug, inserted to block
flov 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 Zion Unit 1,
stainless steel bolts and pieces of stainless steel hinges were
found in the RCS during P 1982. These had been attached
to an aluminium structure vhich had been inserted to block a
steam generator inlet nozsle during maintenance conducted in
April 1981. That structure vas aistakenly left in place; the
aluminius dissclved and the stainless steel components
circulated through the RCS. Damage to steam generator tube ends
vas evident, but no tube failure arose (NRC, 1982c; see also
section 8.3.1.1.5). In light of the relatively fragile nature
of the steam generator tubes, these instances raise the spectre
of unsuspected tube weakness (potentially important in
transient or core melt conditions) or of multiple tube failure.

Failure of Containment Isclation

BEach path through the containment boundary is equipped with
hatches or valves, whose successful operation will "isola.a"
the containment. Some paths (such as equipment hatches) are
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intended to be isolated at all times when the reactor is
operating. Other paths (such as containment pur lines or the
Bain steam lines of BWRe) are intended to be isolated
automatically when indications of abnormal operation are
received. The concept of "isolation failure® thus encompasses
events which involve both puisive and active failures. It also
encompasses paths direct from the RCS to the containment
cx:orior and paths fros the containment atmosphere to the
exterior,

A comprehensive review of data on containment isolation failure
has been published, drawving upon approximately 815 reactor-
years of US light-wvater reactor operating experience (Pelto,
i985). Data were drawn from licensee event reports (LERs) and
from containment integrated leak rate test (CI ) reports.

The results of the reviev are summarized in table 10.1.

This tuble su ts that containments can be expected to exceed
their permitt leak rate about 30 percent of the time.
Betveean 1 percent and 0,1 percent of the time, they can be
expected to have a large leak (typically 28 square inches in
area). For about 0,005 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).
Subatmospheric PWR containments or Mark I and Mark II BWR
containments would be less likely to manifest significant
leakage areas, because leakage may be detected by loss of
subatmospheric condition or loss of inerting, respectively.

Containment isclation failure 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,
In each case, it was found that containment isclation was
dependent upon continued successful operation of the non-
safety-grade instrument air system. discoveries were made
by plant licensees in response to a gtnortc letter issued by
the llf in August 1988, many years after these plants commenced
operation,

The first example concerns the ’111:::nplcnt in Massachusetts
(a 670 MWe BWR with a Mark I conta t). In January 1989 it
wvas discovered that the closure of containment isolation valves
in vacuum breaker lines connectirg the torus to the reactor
building vas dependent upon continuing operation of the
instrument 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
showsd that the accumulators would be depleted in less than

1 hour, resulting in a containment isclation failure (NRC,
1989%c). The plant had held an operating license for 16 years
vhen this defect wvas identified.

A similar problem wvas 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
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620 MWe BWR which commenced operation in 1969). At ster
Creek, the licensee found that air accumulators feeding the
nain steam isolation valves would rapidly depressurize if the
instrusent air systes failed. Containment isolation failure
wvould follow (NRC, 198%¢).

These defects are particularly important because failure of the
instrument air systes 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
core melt sequence with a failure of containment isolation.

Containmont hatch incidents are reported from French PWRs,

From 1982 - 1984, containment door seals failed during ¢
incidents occurring at five French NPPs. In 5 cases, the
incidents resulted in total loss of containment integrity for
up to 4 1/2 hours. All incidents are potentially very serious
since they involve total loss of an essential safety function,

In 3 cases, & single failure of the air supply to the door
seals of a hateh ot-ulc.noouo:locttootod both doors. In the
other cases, t" 2 degraded (although not yet critical) condition
of the sc..' - foiloved by delayed or no response from operators
to the signals received in the control room, resulted in all
door seals deflating. Thus, the problems arcse ly froms
inadequate design of hatches and air supply sys , and partly
from ororntor oversights. System modifications, changes in
control room alarm design, and better training of personnel
were envisa as preventive measures (NEA/I $08, 1988). This
example is indicative of the complexity of possible sequences
leading to failure of containment isolation.

10.3.2 High Pressure Melt Eiection

Por -nnx accident sequences, it is expected that the reactor
core vill melt wvhile the RCS remains at high pressure. The
Seabrook PRA uses 300 psia as the dividing line between lov and
high pressure core melts, and estimates that vell over 908 of
core malts at that pleat (a PWR) would be at high pressure,
about half of the events inveolving a reactor cavity (PLG,
1983). PRAs for other PWR plants have indicated a similar

preponderance of bigh pressure core melts.

ror example, in the Gersan Risk Study Phase B, almost all core
melt scenarios are high zrooonro ones (about 97%), assuming no
accident management. Taking accident management into account,
it is claimed that this contribution is reduced to only about

12 % (DRS B, 1989 see also section 14).

In the event of a high-pressure core melt accident, molten
saterial could flovw into the bottom of the reactor vessel and
melt through the vessel wall, while the RCS remains
pressurized. Molten material could then be ejected from the
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vessel at high velocity, driven by pressure inside the RCS.
This phencuenon is known as high-pressure melt ejection (HPME).

The concerns raised by HPME are twofold. First, HPME provides
mechanisms for the suspension of radicactive material in the
containment atmosphere. Second, it can lead to a substantial
increase in vontainment pressure, potentially leading to early
containment failure. That pressure increase could have
contributions from direct heating of the containment
atmosphere, from combustion of the molten material, from
hydrogen combustion, and from an ex-vessel steam explosion,
The phrase "direct containment heating® (DCH) is oftan used to
refer to this collection of effects.

If HPNE is to occur, the RCS boundary must maintain its
structural integrity until the molten core has formed a pool
inside the bottom of the reactor vessel. Purther, the core
Bust melt through the vessel wall in such a vay that material
flowvs into ths reacter cavity at high voloctt{. There are
several factors which could decrease the likelihood of the core
melt conditions needed for HPNE, as illustrated by the
follovwing tvo effects.

First, an in-vessel stean O:Kloolon could blov open the lower
end of the reactor vessel, thus precluding HPME. Second, the
temperature of the RCS bo might closely follow the core
temperature for accidents in which the RCS is pressurized. If
80, the decline of material otron,th in the RCS at higher
temperatures could cause a loss of structural integrity,
leading to depressurization before the molten core slumps into
the bottom of the vessel. In addition, operators might succeed
in depressurizing the RCS prior to vessel failure.

There is dispute about the likelihood of these effects, but a
consensus that HPNE must be considered as a pctential outcome
of PWR core melt sequences vhich begin with a high RCS
pressure. NURBG~1150/2 concludes that relatively few such
sequences would continue to exhibit high pressure until the
time of vessel melt-through, thus downplaying the importance of
HPME. However, as mentioned above, the findings of NUREG-1150/2
are not credible because of their overvhelaing reliance upon
"expert judgment®. Some analysts feel that HPME in less
significant for BWRs because high-pressure core melt seguences
are lesse likely than for PWRs and use large tities of
molten core material may not be able to collect in the vessel's
bottom head. However, BWR containments would be vulnerable to
even reduced-magnitude HPME events because of the small free
volumae of Mark I and Murk II containments and the relatively
lov design pressure of Mark III containments (NUREG-1150,

1987).,

Even if conditions for HPME are assumed to be satisfied, there
remains grest uncertainty about the magnitude of the
containment pressure which will be generated. However, present
estimates of the range of pussible pressure loadings are such
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that the potential for containment failure exists even for the
largest and strongest containments (NUREG-1150, 1987). This
remains true even as more sophisticated analyses (eg, 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~
1150/2, it is determined that the Surry and Zion containments
(of the large, dry :type) have a high probability of
vitistanding expected pressure loadings from HPME, as does Lhe
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 HPME was first
recognized, it 7as thought to be a phenomenon favorable to
containment integrity. The Zion PRA, published in 1981,
proposad HPME as a mechaniss for dispersing molten core
material over the floor of the containment, thus preventing a
high temperature core-concrete interactior. and thereby avoiding
the evolution of gases (including combustible gases) and
radicactive aerosols which accompany such interacticn
(Commonwealth, 1981). However, sul ‘equent experiments conducted
at Sandia National Laborestories have shown that HPME is a much
more violent event than the authors of the Zion PRA thought,
and that it i~ fact presents a major threat teo containment
integrity (NUREBG-1150, 1987).

10.3.3 Nalt-Through of Older BMR cContainments

BWRs with Mark I containments are vulnerable to containment
failure arising from penetration of the steel liner of the

11 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. Pailure of that liner
will oper ¢ "arge leak area in the containment boundary.

Failure of the liner could occur rapidly. Consider an
illustrotive calculation made in the draft NUREG-1150 (1987).
Here, a/. accident at one of the Browns Ferry BWRs was assumed,
involving loes of all coolant injection at scram and failure of
the automatic RCS depressurization system. It was assumed that
the molten core debris was spread uniformly cover the concrete
floor to a 6-meter radius, being bounded by the i-centimeter-
thick steel drywell liner. Estimated failure times by various
failure modes are shown in table 10.2. It will be seen that
melt-through of the liner is expected over a wide range of
conditions, and could occur within a few minutes. By
comparison, the estimated times required for the drywell to
fail via the overheating or overpressuriz«tinn modes are
considerably greater.
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The situation is similar for the five German "series-69" BWRs.
The bottom part of the Containment steel hull will melt through
wvithin minutes after contact with the molten core, thus opening
& pathway to the environment (TUV, 1985).

A similar phenomenon has been identified for PWR Ice Condensor
containments. In the case of the Sequoyah plant, and presunmably
other plants of similar design, a HPME event with a relatively
dry reactor cavity would be likely to deposit molten co e
aaterial in a location where it would rapidly melt throvjh ths
steel containment wall (NUREG-1150, 1987, Vol. 1). Furthar
investigation may reveal a similar problem for other accident
scenarios and containment types.

10.4 FINDINGS OF NUREG~1150/2 AS TO BARLY CONTAINMENT
FAILURR

It has not been possible for us to reviewv 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
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 moie elaborate manner than any preceding PRA.

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 calculationg 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 summary, NUREBG~-11%50/2 finds that the conditional probability
of early containment failure (assuming core damage) is quite
low for the three PWRs studied. Table 10.3 illustrates those
findings. By contrast, it is found that the two BWRs which were
studied have a high conditional probability of early
containment failure (mean values wvell above 10 % for the
do-inunt accident sequences). These findings deser.e a chorough
revievw,

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 fror impact by the unsupported reactor vessel or
from loading at pipe penetrations.
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11

11.1 INTRODUCT ION

During core Ealt accidants, large amounta of Hydrogen will be
genarated and releassd to the containmeant atmosphere. Rapid
pressure increase by largs scalsa Hydrogsen deflagration or even
datonation bacowss posaible. Thie conetitutes a serious threat
te the integrity of the containmant. At thie stage of an
accident, the containment ie cthe last barrier prevanting the
uncontrolled release of & considerable frection of the
radioactive inventory.

The real potential of Hydrogen deflegration or datonation to be
& major contributor to risk was revealed by the Three-Hileo-
Island accident. Barlisr risk analysic studiea had slnost
complataly ignered this problam, or, vhan they had conaidered
it, hed grosely undersstimated it.

The =msain aource of u{droqeu ie the oxidation of metals,
ospoctoll¥ of Zirconium, which is used &8 fuel cladding
ratarial in PWRe and BUWRe and additionally as a material for
channsl boxss in BWRaS.

At temperatures highar than about 1200 XK Zirconium reszts with
vatar or steam exothermically acceording to the egquation

Zr + 2H,0 -=> Ir0, + 2H, + 386 kJ/Wol
(Henniee, 1987)

The excees snargy, in addition to the decay heat, heats up fual
and petal. Por temperatures higher tham 1500 K, the oxidation
process becomes autocatalytic, i.s. i accelerated by the
anergy it reslecees itsslf.

Por in-vesssel Hydrogen generation, ths oxidation of Zirconiunm
ie by fer the dominant factor. Thua, a "Hydrogen Hagzard Factor®
night be dafined, relating ths free volume of the containmant
to :ho Zirvonive inventory for different reactor types and
desigma.

In table 1i.1 the valuse of this hasard factor are givan for
various daesigne of P¥Re and BWRs. in oporation worlies.de. The
differance between BWRs with their emaell pressure guppression
containment and FP¥Rs vith large containmenta is clearly to be
sosn. Table 11.1 indicates the relative importance of
introducing countar messures for differant containmant typas.
The following msasurss have bsen implemanted so far:

- Nitrogan inertion of the containment for the small Hark I,
Mark 1I, GBWR~69 and SBWR
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- Electrical ignitors for Mark III BWR and ice condenser ”WRs
= No measures for PWRs with large dry containments
(Anderson, 1986; NUREG-1150, 1987; RSK, 1987)

If the melt is not dispersed by high pressure nelt ejection or
4 steam explosion, a concrete-melt~-interaction will occur in
nost reactor types after the melt-through of the reactor
pressure vessel. During this stage of the accident additional
uzdroqen is produced by the oxidation of the remaining
Zirconium, 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
melt (JTKT, 1986).

This fact is ignored in many PRAs. The additional potential of
Hydrogen generation by the concrete-melt-interactic) is of the
same order of magnitude as it is for the in-vessel Zirconium

oxidation.

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 these types melt-through of the pressure vessel must
be assumed to be followed by containmeint failure after a short

time anyway (see section 10.3.3).

Besides the possibility of early containment failure due to
deflaaration or detonation the following contributions of
Hydrogen to risk have to be considered:

- Mobilization of fission pr .ducts caused by deflagration. This
has to be taken into account regardless of whether the
containment is destroyed or not.

- In case of filtured containment venting, Hydrogen burning
night damage the filter.

- Pressure buildup without ignition in BWRs can lead to over-
pressure failure of the containment.

- In older BWRs, Hydrogen burning outside the containment after
meltthrough might significantly increase the source term.

11.2 SUMMARY OF MAIN PROCLENMS

Analysis with an AICC ccmbustion model (Miabatic 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 d
MARK III this hazard is increased. e

For the small Mark I and II designs and the German series 69
BWRs overpressure failure of the containment is possible due to
the partial pressure of the noncc densible Hydrogen even
without any combustion.

Since it is impossible to predict the time of ignition, the
probability of early conteinment failure cannot be assessed.
Any probability entimates that are given, e.g., in the first
draft of NUREG-1150 (1987) must be regarded as totally
arbitrary.

Without countermeasures, early containment failure must be
regarded tu be at least probable, if not inevitable. Therefore,
the earliest possible time and the case with the highest source
tern has to be assumed conservatively in PRAs. For large iry
PWRs the earlieat goo.tbility 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 complets containment atmosphere.
This, however, has been implemented for the small BWR
containments only. The integrity of such containments is
cndnnq::od by Hydrogen pressure buildup even without
combustion.

Ignitors that are installed in Mark III and ice condenser
containments might even increase the hazard, since they can
tiiqgi{ a deflagration or detonation in certain accident
situations.

Other measures, like catalyctic foils have not yet proven to be
effective under all circumstances. For cases with rapid
Hydrogen release, their capability of transforming Hydrogen to
wvater is not sufficient.

11.3 CORE MELT ACCIDENTS IN PWRS AND BWRS

11.3.1 PRR

In the introduction to this section, we mentioned the idea of

classifying the risk of a certain reactor type according to the
potential Hydrogen 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).

The further treatment will be based mostly on this work, in
wvhich one of the authors of this study has participated. The
influence of design differences will be discusased
qualitatively.
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A given containment design can be characterized by its free
volume, the rango of pressures vhich are possible in the
containment during core melt accidents, and the possible masses
of released uxdroqon. By applying generally accepted criteria
for Hydrogen inflammability limits in steam-air-atmospheres
(SNL, 1986; Tosetti, 198.) and assuming homogeneous mixture,
three different states can be identified:

= The mixture is not inflammable
= The mixture is inflammable
- The mixture is detonable

In tigur. 11.1 this is illustrated for a large GPWR
containment of the Convoy-type, which is comparable to large
dry US containment designs (see table 11.1). The inflammahility
limits are listed in table 11.2 and are basically the same as
those used in the code HECTR 1.5 (SNL, 1986). The maximum mass
of Hydroz.n that can be burnt, independent of any other
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. Pirst of all this depends on
the system design. The German PWR is designed for s:atic
overpressure of 6,3 bar. Failure is usually assumed at 8,5 bar
(Heuser, 1986). The large dry US type is designed tor 4,4 bar.
In NUREG-1150 (1987) its failure threshold is assumed to be
9,2 bar. Other US plants are desi for 3,2 bar only
(Shunmugavel, 1986). We regard a failure threshold of 8,5 bar
as representative for US designs as well.

In the next .e.f' the pressure buildup has to be assessed. In
(6KO, 1988) a simple AICC-model was used (Adiabatic, Iso:horic,
Complete Combustion). According to this model, the heat
released by Hydrogen deflagration increases the temperature and
pressure of the atmosphere according to basic thermodynamic

equations.

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 Vol% (Berman, 1984a; Benedick,
1982; Roller, 1982). Turbulent combustion effects can lead to
higher pressures (lLanger, 1984; Kumar, 1984) as well as to
Deflagration-Detonat on-Transition (DDT) (Berman, 1986c).(For
more detailed discussion on this topic see (OKO, 1988))

Figure 11.2 shows the AICC resulte for the GP¥R. Since the
dynamic loads of coherent detonations can be expected to be
beyond the capacity of the containment structure (Gittus, 1982;
Haskin, 1984; Elliot, '982), failure must be assumed for the
complete parameter region (state) where detonations are

pussible.
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Pinally, the design dependent characteristics of different con-
tainment types have to be related to possible accident
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
(Heuser, 1986). Because of the larger containment (by 10%) and
the somevhat lower thermal power, pressures for the US design
night 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 analyzed.

In table 11.3 the masses of released Hydrogen are presented for
the Low gr..-uro sequence of a core melt accident. Regarding
in-vessel Hydrogen generation, it is assumed that 60 § of the
Zirconium inventc:y (Lo case), or 90 § (Hi case) are oxidized.
Ex-vessel generation is estimated according to various studies
(Hassmann, 1985; Langer, 1985; Baukal, 1984). For the Lo case,
these values were reduced by 25%. For the US design, thene
values are assumed to be a reasonable approximation.

Pigures 11.4 and 11.5 show the developmant of pressure and
Hydrogen mass with time for the Lo and Hi cases. The parameter
region where containment failure occurs in case of detonation
or deflagration is indicaced.

The result is that for the Hi case, containment destructive
deflagrations or detonations are possible, for the German PWR,
during the time span from 2,5 to 42 hours after the beginning
of the accident cequence, and for the large US PWR, during
the period from $ to 39 hours after the beginning of the
accident sequence.

For the lo case, this is possible during the period from 5 to
40 hours for the GPWR, and from 16 to 35 hours for the US PWR.

Riacussion
1. High Pressure Sequence (HPS)

A simnilar approach has been followed in (OKO, 1988) for the
HPS, but it must be noted that the uncertainties concerning
this sequence are much higher.

Unresolved questions are:

- High pressure melt ejection and the role of Hydrogen
deflagration to pressure buildup (see section 10)

- Early depressurization due to primary loop failure

- 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. lLocal detonations caused by self ignition
or even possibly triggered by ignitors might be the
consequence. The capability of recombination systems usually is
no; sufficient to deal with such a rapid and massive Hydrogen
release.

2. Carbon monoxide (CO)

During the melt-concrete-interaction, Carbon dioxide (CO.,) will
be generated. Passing through the melt it is almost conpfotoly
reduced to CO (Tarbell, 1982).

CO is inflammable. Its heat production per mole is slightl
higher than that of Hydrogen. CO increases the 1nt1c-nnb11¥ty
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 hera.
Thus the hazerds 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 subatmospherics are more vulnerable. For ice
condenser containments as considered in the first draft of
NUREG-1150 (1987), the likelihood of local detonations in the
ice bed region is significant.

4. Countermsasures

see section 11.4

S. Detonations

A homogeneous mixture of the complete containment atmosphere
vas assumed so far. This is regarded as a reasonable assumpticn
in case fans are operating (NUREG-1150, 1987). Por other
conditions, this assumption is conservative if 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,
19€5a), threatening the containment integrity (Bareiss, 1985b;
Farwvat, 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
sho~t time, local detonations are most probable at this time.
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Thus, containment failure has to be assumed at the time of
vessel failure, even with the average concentration of Hydrogen
not being high enough to lead to containment failure.

6. Igniticn Time

There is no possible way to reliably determine the ignition
time. Therefore it has to be assumed that ignition can happen
arbitrarily at any time. This assumption is supported by the
TMI-accident, where an inflammable mixture was present for S
hours before ignition occurred (EPRI, 1985). For level II PRA
the earliest possible time which involves containment failure
and the case with the highest Source Term have to he assumed
conservatively.

7. Containment Depressurization
- by venting
- by recovery of spray systems

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

date.

11.3.2 BNR

For BWRs, two issues have to be considered: Combustion and
subsequent overpressure failure of the containment, and
overpressure failure due to the partial pressure of the
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 Zirconium that has to

be oxidized is about 10 §.

Containment-destructive pressure buildup caused by deflagration
is possible beginning at 190 kg (5.5%) for a GBWR-69.2 (see
table 11.1). Detonations which have to be assumed to be
containment 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 failure of emergency power supply in
case of station blackout for the GBWR-69.2 (TUV, 1985). In this

sequence, pressure buildup is caused by Hydrogen defla ration
and the partial pressure of Hydrogen only. Additional steam
pressure is not taken into account,

In cases where Hydrogen deflagration begins at a ste.m pressure
of several bar (for example in case of failure of decay heat
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removal systems) the necessary amount of Hydrogen required to
cause containment failure is further reduced (OKO, 1988).

In the first draft of NUREG-1150 (1987) the fraction of
Zirconium oxidized during in-veseel Hydrogen generation and
release is estimated to be between 10 and 508% for BWRs. In
table 11.4 the resulting air and Hydrogen pressures are listed.
To complete the picture, the values corresponding to $0%
oxidation of Zirconium are given.

These values must be added to a static steam pressure of about
4 bar and aie 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 COUNTERNEASURES

11.4.1 containment Inertion

Nitrogan inertion of the complete containment atmosphere is the
nost drastic measure and probably the only measure that
stqntttcantll reduces the risk of containment destruction by

deflagration 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 1% of operating
time. there will be no inertion. Since it must be assumed that
during these phases nuclear power plants are especially
susceptible to accidents, the overall risk reduction will be
considerably less than a factor of 100.

Containment intertion is implemented for small containment
types only. For these designs, overpressure failure due to the
partial pressure of the noncondensible Hydrogen even without
combustion constitutes a comparable hazard.

Furthermore, Hydrogen combustion after melt-through of the
containment might have a significant impact on the source term
for those containment types, especially for the GBWR-69.

11.4.2 lgnitors

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 8% (OKO, 1988). Note that
the combustion induced pressure buildup can be well beyond
the containment failure threshold for Hydrogen concentrations

of less than 8%.
- For all high pressure melt sequences and steam explosions,

and possibly other sequences &s well, a very rapid release of
large amounts of Hydrogen must be assumcd. In these cases
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containment destructive deflagrations or even detonations
might be triggered by the ignitore.

The sffectiveness of the ignitors is dependent on slectrical
anergy supply. Failure of emargency pover supply in case of
station blackout lsade to unavailability of the ignitors, at
least in sone plants (NUREG-1150, 1987). Racovering of the
enargy eupply whaen coneiderable amounte of hydrogen have
alrsady been released to the containment will lsad to forced
ignition and poseibly to containment destruction.

¥We conclude that ignitors do not reduce the probability of
sarly containmant faillure by Hydrogen deflagration or
detonation. In fact it must be suspesctead that taking into
eccount e&ll poeeibilitiea, the probability im ev 1 increased.

Catalytic metallic foils heve been proposad by Chakraborty to
remove the Hydrogan froe the containzant atmosphore
(Chakraborty, 1986; GRS, 1987¢c). The basiec advantage of these
foile io that they can be designed ae paseive systams and
therefore ars indepsndent of energy aupply.

Howevsr, it i@ questicnable at present whethsr the catalytic
foile do function satisfactorily under all physical conditione.

In any case, the recombination rate is not sufficisnt for
accident seguences with rapld Hydrogen release. This holds
sepecially wvhen recombination poisons (substances which
decrease the efficiency of recombination) are also relsased, as
pust be assumed for many eccident saeguances.

During cors malt accidante, it is possible that the hot melten
core material will coms into close contact with veter. A stean
explosion might occur, with the possible conesguance of esrly

containsent failure.

Genaration of a containmant-penetrating missile by a severs in-
vessal steam explosion was identifisd ae the a-Node containment
failures in the Rasmussen Report (WASH~1400, 197%). It is one of
the zost controversial issues of nuclear riek sssssement. (Ses
for example (Theofanous, 1988; Barman, 1988; Rarshall, 1988
Corradini, 19688; SERG, 198%5))

Somé earlier studiee like the German Risk Study Phase A (DRS A,
1979) regarded steam explosion as the only posaible nechanism
for early containment failure (apart from failure of
containpent isolation). Thaerefore, the results of these studies
depended significantly on the ascumptions concerning the
conditional probability of the a~-Hode containment failure. For
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example, for DRS Phase A, steam explosion induced early
containment failure was by far the dominant contributor to
risk, although it was assumed to occur in only 2 % of all core
melt accidents.

In the meantine, other mechanisms for early containment failure
have been identified (for example, high pressure nmelt
ejection). Thus, the issue of steam e:plosions appears to
receive less attention nowadays (NUREG-1.50, 1587).

Nevertheless this is still a very important issue. If it is
correct that steam explosions are possible and can be strong
enough to destroy the containment, there is no countermeasure
at existing plants.

The occurrence of steam explosions is governed by deterministic
lawve. In principle, no statistical uncertainty is involved: If
the ired conditions apply, a steam explosion will occur:;
othervise, it will not occur. However, the problem ercountered
vhen attempting to analyze steam explosions in a PRA is that
only little is known about the underlying laws and necessary
conditions. Purthermore, the course a core melt accident will
take cannot be accurately determined beforehand. Therefore, no
definite statement can be nade as to the probability of a
containment- destructive steam explosion.

The only points that are really known are:

- Steam losions can occur and they can have a considerable
destructive potential

- Steam explosions have been experimentally induced with molten
corium and wvater

- Steam explosion experiments are not reproducable. Repetition
of the experiment in many cases yields other results, for
unknown reasons

- The highest conversion ratico from thermal to mechanical
energy observed for a steam explosion was between 5 and 17%
(The value could not be determined more accurately since the

experimental eguipment was destroyed)

The analyst Berman has based his "Uncertainty Study of PWR
Steam Explosions®" on these experimental facts. His study
resulted in the statement that the conditional probability of a
containment destructive steam explosion lies between zero and
one (Berman, 1984b; Berman, 1967). It must be emphasized that
this statement is by no means trivial. It means that it is not
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 the
various approaches to estimation of its probability, are

discussed.
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12.2 SUMMARY OF MAIN PROBLEMS

In WASH-1400 (1975) the conditional probability of early
containment failure due to an energetic in-vessel stesnm
explosion (the so called a-Mode) wan assumed to be 0,01,

Due to lack both of experimental data and of appropriate
theoi'stical models, this value must be regarded as just as
arbitrary as any other value between zero and unity.

Likevise, the ultimate conclusicns 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
a~Mode failure are not a dominant problem, cannot be
substantiated. The same holds for the conclusion of Phase B of
the German Risk Study (Heuser, 1989; DRS B, 1989), that steam
explosions do not represent a risk relevant accident path.

The only appropriate way of trecting steam exploeions is to
assume that they can occur =-- without any 3 t on
probnbtlltx. 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
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

- impact on fission product transport processes
- impact on coolability of core debris

- impact on source term even vhen the containmsent is not
destroyed

- weakening of structures

~ Hydrogen production

Those points were not considered in NUREG-1150. It is not yet
known to whet extent they were takenrn into account in the German

Rigk Study, Phase B.

12.3 PHENOMENA OF STRAM EXPLOSIONS

The "classic" scenarioc 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 Leat transfer from the melt to
the water, which evaporates explosively. A slug consisting of
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nelt and water is created, which is accelerated uUpwvards by the
explosion, and hits the reactor pressure vessel head. The
vessel heau 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 bottom
is largely occupied by control rod drives which obstruct the
mixing of water and melt. On the other hand, a smaller snerqgy
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
pressure melt sequences, steam explosions are often said to be
impossible. However, there are indications that steam
explosicns can in fact be triggered under these conditions
(Berman, 1986a).

Steam explosion is of special importance in view of an often-
proposed accident management measure: early depressurization of
the primary cooling system, to avoid high pressure melt
ejection. The dilemma arises that when preventing contzinment
failure due to high prrssure melt ejection, the possibility of
a containment- destructive steam explosion has to be accepted.

Apart from in-vessel steam explosions, steam explosions can
aleo occur after melt-through of the pressure vessel. This is
dependent on the accident sequence and the design of the vessel
cavity and the concrets biclogical shield. These factors
prevent early contact of the melt with water for some designs
and accident segquences.

When early water contact is possible, ex-vessel steam
explosions are a threat for containment integrity as well,
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:

- Steam explosions can lead to weakening of the containment
system, reducing its failure threshold for subseguaent 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, steanm
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.



- Considerable masses of Hydrogen can be rapidly generated by
steam explosions (Corradini, 1983). Thus, the hazard of
containment destructive Hydrogen deflagrations is increased,
even for plants that are equipped with ignitors or catalytic
recombination systema (see section 11).

Neither of these points is considered satisfactorily in current
PRAs, where interest is focused on the a-mode, which is not
regarded as a contributor to risk.

12.4 DETERMINISTIC APPROACHES

Various theories on steam explosions have been developed in the
past. These are discussed elsevhere (Goedecke, 1982). The
present state of the art can be summarized as follows:

" a) Fragmentation of molten material can be
calculated. In somc cases the results are in
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."®

(Kérber, 1985)

In any case, containment destructive steam explosions cann.. be
excluded by thece models:

" Por these experimental conditions even very
strong supercritical cases are theoreticall
possible, since the hydrodynamic trlqnontatlon
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 exclude the possibility
of occurrence of these ve strong detonation

wvaves under realistic conditions *
(Carachalios, 1986)

The experimental base is not muck more reliable than the
theoretical base. Most experiments (for example, of the FITS
series at fandia National Laboratories) 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. Berman, commenting

the RC-saries concludes:



" This result seems to support the idea, that
FCIs (Puel Coolant Interactions) are not simple
and predictable events but rather just the
opposite - very complicated and unpredictable
in 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 from

thermal to mechanical energy of a few percent (Oh, 1987;: ATOM,

1989). For probabilistic investigaticns, upper bound values of

i’- : % were therefore usually assumed (Swenzon, 1981; Berman,
84b).

The experiments of the RC-series for the first time were
performed in a rigid chamber, instead of the flexible liucite
chamber of the other FITS experiments. This is more realistic
for in- vessel steam explosions. RC-1, the first experiment,
did not lead to an explosion, but RC-2 rasulted in a very
violent steam explosion, which destroyed the apparatus.

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 %
(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,
requires further experimental investigation.

The last fundamental question is how much of the molten core
material might be involved in a steam explosion. Estimations of
the members of the US SERG committee (Steam Explosion Review
Group) ranged from 700 kg to 24000 k? (SERG, 1985). Upper bound
estimations ior the German PWR were in the range between

2000 kg and 10000 kg (Kérber, 1985; Priederichs, 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 bounrd for the conversion factor and
taking 1500 MJ as the lower bound for the mechanical energy
that is necessary tc destroy the containment (Berman, 1986a),
reaction of 5500 kg of molten material might be sufficient for

a~-mode failure.

In the summary of the Phase B of the German Kisk 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
conversion factor for accident conditions.
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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 veasel. Neither the bottom nor the
vessel head is expected to fail according to this analyeis.

Although the detajls of this analysis are not yet published, it
must be concluded that the assumptions concerning both upper
bound values are arbitrary. In particular, there is no
experimental evidence indicating that the conversion factor of
a steam explosion, involvin? 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 summary of DRS B,
that steam explosicns do not represent a risk relevant accident
path, is not justified.

12.5 PROBABILISTIC APPROACH

The occurrence of containment-destructive steam explosions
cannot be excluded by deterministic reasoning. Therefore,
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. Purthermore, steam explosions in fact
cannot be regarded as statistical processes. If the "PRA demon"
(see section 6.3.3) were asked whether for a specific reactor
and a certain accident sequence a steam explosion would occur,
the ansver 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
paraneters on deterministic calculations.

12.5.1. Expert opinion and related approaches

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 ccre region.

= A 'large' fraction of this pours 'rapidly' into the lower
plenum, which contains a 'large' gquantity of water.

= The melt mixes 'efficiently' with the water to form a
premixture.

- The premixture is 'triggered' and an energetic explosion
occurs.



= A vater-fuel-structure 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 dome.
(Berman, 1986a)

Subjective conditional probabilities are then assigned to each
of these steps. It is assumed that the individual step
probabilities are independent. Thus, they are multiplied to
yield the overall grob&bility. If only one step-value is zero,
the overall probability is zero 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:

(i) The reliability of the results is gquestiorable.

In view of the numerous mistakes and errors of axperts in
this field in the past, revealed by subsequent experimen=-
tally gained insights, this procedure cannot be trusted
very much.

For example (Berman, 1985; Mayinger, 1982):

- Spontanecus steam explosions with Corium were thought to
be impossible

- 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
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.

(14i) Obviously, the resulting probability depends on the
number of steps assumed to be necessary. Thuse, with an



increasing number of steps the confidance that the event will
not occur increases. All such investigations therefore
introduce an artificial bias towards a lower probability;
there is no proof that the smallest possible number of
neccssary and independent variables was chosen (Berman,
1987). The number of steps selected by the different SERG
nenbers differed from three to eight (SERG, 1v¥85).

12.5.2 Hente Carlo Analvsis

A more systematic npgroncn 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
low pressure core melt case, characterizing the following

issues:

- mass of molten material

- mass of reacting meilt

- mass of reacting water

- conversion ratio from thermal to mechanical energy
- heat content of melt

- distribution of nonreacting water and melt

- failure of bottom of vessel

- energy dissipation by core and tank structures
- void fraction of the slug

- failure of vessel head
- velocity of missiles leading to containment failure

Monte Carlo Analyses were performed with two possible outcomes
for each >un: FPailure or non-failure of the cuntainment.

The difference between the two studies is that Berman
consistently avoided any subjective assumptions about the range
of the parameters and their probability distributions. The
criterion for selecting assumptions was that they were based
only on experimentally founded knowledge. Therefore, uniform
probability distributions (which are non-informative, i.e., do
not introduce any bias) were used for the parameters.

In summary the results of these calculations are that
" high failure probabilities are computed for

substantial fractions of the physically
realizable parameter space. " (Berman, 1987)
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For lack of experimental evidence, the conditional probability
of a steam explosion leading to early containment failure
during a low pressure core melt accident must therefore be
assumed to be between zero and unity.

" No method is currently capable of crodibl¥ de-
fending any given value of failure probab lity
Or a narrow uncertainty range." (Berman, 1987)



Topics Relevant for Both Levels | and ||



13 EXTERNAL EVENTS

13.1 INTRODUCTION

In many PRAs, external influences are not considered at all.
When tho¥ are, the following categories are usually considered
as most important:

earthquake;

airplane crash;

floods;

tornadoes (in the US);

fires)

others (lightning stroke, gas cloud explosion, ete. ).

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.

Sabotage can occur from the outside as well as from the inside;
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.
According to the German Risk Study, Phase B, this contribution
is about 12 §, mainly from earthquakes (20 § in the case with
accident management considered (DRS B, 1989)). Por 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,
1989). In some cases, fires contribute significantly to severe
core damage frequency (e.g., 30 % in one of the six PRAs
mentioned above, and 16 % for the TMI Unit 1 PRA (PLG, 1987)).
In the second draft of NUREG~1150 (NUREG~-1150/2, 1989),
external events are considered for the Surry and Peach Bottom
plants. 1n 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 extremaly complicated. (This complexity probably is
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the reason why many PRAs exclude external events. Of 39 PRAs
performed in the US until January 1989, only 17 include
external events.)

It is outside the scope of this study to enter this field,
vhich would require a detailed review on its own. We will
restrict ourselves to the gquestion: How accurately can the
probabilities of different loads due to external events be
determined? This is a very basic problem since the best plant
design based on the most elaborate research will not arantee
low risk if the probability of loads higher than the limits it
can withstand has been underestimated. In order to discuss this
preblem, we have selected two examples: Earthquekes, and crash
of military aircraft. Purthermore, we will discuss acts of war
in order to obtain a gualitative picture on their possible
contribution to risk.

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 emerge as important
risk contributors in many PRAs and external and internal
flooding is, in some cases, also an important contributor.
Furthermc:'e, there are clear indications that those event

ca ories are not treated ado?untoly in PRAs. Por example,
findings of the Pire Risk Scoping Study, performed by Sandia
National Laboratory for the U.S.NRC, indicate that tXro PRAs do
not normally address fire vulnersbilities in several important
areas, including: (a) fire-induced alternate shutdown/control
room 1 interactions; (b) smoke control and manual fire-
fighting effectiveness: (c) adequacy of fire barriers; and

(d) seismic/fire interactions (NRC, 1989d).

13.2 SUMNARY OF NMAIN PROBLENMS

Apart from all other methodological problems, the analyst
locking 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 region. Probabilistic site analyses usually
culminate in the trivial inoight that earthquake probabiiities
decrease vith increasing magnitude; and that the error margins
increase rapidly with increasing magnitude. Thus, in the range
of magnitudes which are most important for PRAs, i.e. from S
(Richter scale) onwards, the bandwidth of uncertainty is large
und rapidly growing (e.g., to probably more than a factor of
100 for M=7).

Earthquakes (and to some extent, other external events) have a
significant potential to induce further events which may
contribute to accident severity. Seismicalily 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.
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Furthermore, if an aircraft actually hits the reactor building,
releases must be expected to be extremel high since in many
cases the containment will be destroyed immediately and remain
open while severe core damage proceeds. Due to the rapid
development of military aircraft in recent years, guidelines
for the design of NPPs against aircraft crash, e.9., in the FRG
do not guarantee sufficient protection; and load assumptions in
PRAs tend to be too optimistic.

Acts of war are never included in PRAs since it is plainly
iupossible 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 becn 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
attacks; e.g., a small-scale air raid with conventional bombs
would be sufficient to destroy a plant and lead to catastrophic
radicactive 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).

13.3 BACKGROUND

13.3. Selsmic risk of nuclear power plants

(contribution by Prof.Dr.Eckhard Grimmel, University of
Hamburg)

Earthquakes are weves of mostly natural origin, coming from the
earth's interior, which are perceived at the surface as
tremors. Tvo measures for the strength of an earthquake are in
common use: Magnitude (M) and Intensity (I).

Magnitude is calculated from instrument readings. Intensity is
derived from the effects observed at the surface. The
logarithmic scale for Magnitude ("Richter-Scale") has,
theoretically, no upper limit. The highest value measured to
date is M=8,7.

The scale for Intensity ("MSK-Scale"™) has 12 steps:

I registered by instruments only

II perceived only by very small number of people at rest

II1I 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
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X many buildings collapse, fissures in the ground, with
a4 width of up to 1

X1 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 enly
well-known; they can be experienced again and again, Unknown,
however, are the place and time of the next strong guake,
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

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
(MSK-Scale), and then lines are drawn corresponding to the same
magnitude (isoseismic maps, fig. 13.1).

Using those maps, the design of buildings is appropriately
strengthened to render thea "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 real seismic risk in a
region or at a particular site.

It is attempted to reduce this basic shortcoming of seisamic
maps by defining so-called tectonic or seismotectonic units and
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.

A particularly "inconvenient® earthquake in this respect is the
quake which occured at Basle in 1356, with an authenticated
Intensity I=X, and a probsble Magnitude M=6,5. Basle without
doubt is located in the "Upper Rhine Graben", which belongs to
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 resmoved
from its tectonic unit by manipulation. It was claimed that the
geclogic and tectonic characteristics of the Basle region are
such that there is a "special seismicity, differing from that
of the Rhine Ritt zone", which is linked to the "contact
between Jura, Upper Rhine Graben, and Black Forest" (DRS A

FB 4, 1980, 8. 45).

Based on this dubious finding, all nuclear pover plants built
in the Rhine-Rift-Zone were designed, at most, against
earthquakes of the Intensity I=VIII. This design is
insufficient from a geologic viewpoint: During oarthquako! with
an intensity of VIII, ound accelerations of 1,5 - 3 m/s
occur, whereas for an intensity of X, accelerations of 4,5 -

15 n/8? are experienced.

Finally, it should be noted that the Basle earthquake may even
be surpassed in the future. For exam[.:, in a comparable Rift-
Zone, the Baikal~-Rift in Central Asia, an earthquake with an
intensity of X-XI and a magnitude of 7,9 occured on June ) P
1957 (lLogatchev, 1978, p. 59).

There is a possible alternative to the problematic
seismotectonic regionalisation: The probabilistic approach,
i.e., to estimste 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 otrongth increases. Furthermore, the accuracy of the
probabilistic forecast decreases with decreasing frequency -
thus, there is particularly high uncertainty regarding the most
dangerous earthquakes (Ahorner, 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
about 1000 years (fig. 13.4), if nothing can be said about the
‘ctual time and place in the Rhine-Rift-Zone?

The fact that there has been no further earthquake of this
intensity in the Rhine-Rift-Zone since 1356 certainly does not
permit the conclusion that a repetition will not occur befcre
the 24th century; and that the probability of such a quake
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
place in the Rhine-Rift-Zone - perhapse tomorrow, or in 1000 or
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



and tolerated in view of the very high radiocactive releases
which result wvhen a nuclear power plant's structure and
components are destroyed by an earthquake. Prom this
perspective, nuclear plants must not be operated in regions
where strong earthquakes oc-urred in the past (yet even
avoiding such regions altogether clearly does not lead to zero
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
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 histecry.

The importance of asarthquakes is exacerbated by the fact that
(as mentioned in 13.1) many seisamic risk studies performed
within PRAs indicate, taking their results at face value, a
high contribution of earthquakes tc¢ severe core damage
trcquonc{. Those studies without doubt have helped in
recognizing the significance of the problem. Their value cannot
be completely dismissed, in spite of their severe shortcomings

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 the
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. piant Oconee; 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 eccident consequences lies outside the scope of
this etudy, this point will not be pursued further here. It
implies, however, that the overall importance of external
events as a contributor to accident hazards may be larger than
would be indicated simply by their contribution to severe core

damage frequency.
Addendum: Discrepancies between recent seismic hazard stucies

The second draft of NUREG-1150 (NUREG~-1150/2, 1589) 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 datu
sources on the frequency of earthquakes of various intensities
at specific plant sites (seismic "hazard curves"): The Eastern



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
Cenitral and Eastern United States Progiram, sponsored by the
Electric Power Research Institute (EPRI), published 1985. Both
studies 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
progability of an earthquake with a ground acceleraticn of &

m/8“ for the Peach Bottom site are as follows:
EPRI median: 8E-7/yr 85%-fractile: 6E-é/yr
LLNL median: SE-6/yr 85%~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~-
1150/2, the NRC staff presently considers both program results
to be equally valid, and for this reason, two sets of seismic
results are provided in the report.

One conclusion drawn in NUREG-1.50/2 is that the distribution
of the seismic-induced core damage frequency is more uncertain
than the internal frequencies. rfurthermore, in light of the
large uncertainties, any decision making should take into
account the full range of uncertainty.

In this section, we made the point that the accuracy of
earthquake probability estimates is extremely low for high-
intensity earthquakes. This point is well illustrated by this
addendun.

13.3.2 Crash of military aircratt

Average probabilities for the crash of a military aircraft in a
given country can be determined with reasonable accuracy.
Determ.nation of site-specific probabilities, however, is
extremely difficult. The actual data base will be too small to
allow meaningful statistical estimation. Of course, indicationec
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 aircrarit may be introduced, the general
standards of pilot's training, airplane maintenance and repair
might change etc.



WA have selected the case of the Federal Republic of Germany
for further consideration here. The FRG is a highly militarized
“"front state"™ wvhere many aircraft are deployed, many flights
take place, and hunce couparatively many crashes occur per
square kilometer (Certainly more than, e.9., in the US.). The
average probubtlatv of the crash of a military aircraft on an
area of 10.000 m* .the typical size of an NPP site) is 1E~6/yr.
Such a crash does not lead to severe core damage in every case!
hence, the overall contribution to SCDF is not very large.
However, three considerations are important:

QO It can be oxroctod that, at some sites, the probability will
be significantly higher (perhaps by a factor of ten).

O The conditional probability of an aircraft actually hitting
the reactor building '°5. or less head-on (angle of chtdonco
deviating less than 45 ° from the vertical) is about 20 8. In
such cases, if the airplane is heavy and fast, the release will
be extremely hi since the containment will be destroyed and
remain open while the accident proceeds further. Thus, the
contribution of aircraft crash to accidents with early

conts nment failure will be higher than to general SCD.

O Cases have been reported of pilots using nuclear plants as
landmarks for target practice (Sutterlin, 1975). This would
result in a higher crash probability; howvever, it seems
impossible to quantify this effect.

In the German Risk Study, Phase A, it is assumed that in 50 &
of the crashes, the airplane will be a Phantom; in the other

S0 t, a p.ane vhich is not .ieavier or faster than a
Starfighter. The reference plant (Biblis B) is Jdesigrad to
withstand even the head-on crash of a Starfighter, bi. not of a
Phantom. Hence, DRS arrives at a frequency of 1E-6x0, 2x0,5 =
1E-7/yr for an airplane crash vith immediate containment damage
(overall crash probability times conditional probability for
lisad-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
logic, the probability for airplane crash wvith immediate
containment damage would be zero for newver plants (e.9g.,
Brokdort, Grohnde), since they are designed against Phantos
crash; and about 2E-7/yr for older plants like Stade or
wﬁrq:so.n. vhich are not even designed against Starfighter
crash.

DRS also stated that it is not expected that military aircraft
with significantly higher impacat loads than a Phantom wiil be
deployed in the FRG in the future (DRS A 4, 1980).

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 sre both faster and
heavier than Phantoms (we estimate the peak load occuring when
they crash to be at the very least 50 % higher than for a
Phantom). It is clear that it is very difficult te 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



the Tornado, it is also interesting to note that the Tor
planned on paper by the late 70s was still considerably ?:::t::
than the Phantom, but became heavier and heavier during the
development phase; and early versions of the FP-1§ were
comparable to the Phantom, but weight was added witn every new
version (the F-15E, being in production since the beginning of
1988, is heavier by 50 % than the Phantom) (Janes', 1988),

Another notabie point is that in DRS, the effect of any weapon
load (bomos, missiles, sunition) is not taken into account. We
have no reliable information as to how often planes do indeed
carry such weapons.

The most interesting conclusion from this discussion is not the
increase in risk for the reference plant of DRS, but rather
that even for the most modern German nuclear plants, the risk
of severe core damage vith early containment failure resulting
from the crash of a military airplane is not zero, as claimed
officially, but in the order of 1E~7/yr or more.

13.3.3 Acta of War

Protection against acts of var is not a design requirement for
nuclear power plants, although it is claimed that protective
BeASures against other external events - e.g., against aixplane
crash -~ will also result in a certain limited ca bility to
vithstand military attacks. Purthermore, for obvious reasons,
acts of war are never included in PRAs: It is plntnlf
impossible to assign reliable values to the bability of
occurrence. There is no vn¥ to extrapolate historic evidence
for the of probability estimation. Global and regional
political situations, military doctrines, and military
technology keep changing continually and the general picture
tcday is very different from the picture, e.g., 25 years or 50
years agc. For instance, it would be clearly nonsensical to
derive protabilities for the destruction of a British or German
nuclsar power plant by air raid by studying the bombing
offensives in World wWar 1II.

However, even if the actual risk cannot be reliabl estimated,
and keeps changing raridly, there is no justification for
assuning 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 the Israeli air raid on
the reactor Osiraq near Baghdad at June 7, 1981.

In the case of an all-out, worldwide nuclear wvar, leading to
large-scale destruction, radicactive contamination, and
potentially & "nuclear vinter®, the problem of radicactive
releases from nuclear power plants is more or less irrelevant.
However, the possibility of conventional wars or "limited"
nuclear conflicts, inveolving countries with nuclear power
piants, exists; and the destruction of a nuclear plant can, in
this case, significantly increase the damage by radiocactive
contamination. The assessment of the likelihood of such a
scenario lies outside the scope of this study.
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The vulnerability of nuclear power plants %o military attacks
is high. Conventional attacks by artillery, missiles, or bombs
can destroy the reactor building and lead to dimage of the
reactor pressure vessel or to a multiple loss-of-coclant
accident which cannot be controlled Ly safety systems. For
example, a 2000 pound standard-bomb of the U.S. air force can
penetrate 3,4 m of concrete (Gervasi, 1977). The protective
concrete structures of NPPs are considerably thinne:; the
maximum thickness is about 2 m for scme newer West German
plants. Due to the increasing accuracy of modern veapons
Systems, a small-scale attack could be suff‘-~ient to dostroy a
plant (e.g., an F16 can place conventional wbs with an
accuracy of +/= 10m; for the Tornado IDS, accuracy of +/= Im
is claimed (Richardson, 198%)).

Acts of war also have a oigntttcnnt potential to induce fires
at the site. Destruction of communication lines, roads etec. in
the v1c1n1t¥ of thas power plant can also severely degrade the
capability for emergency response.

Furthermore, indirect effects at times of war can compromise
the safety of nuclear power plante. Even vhen shut down, a
nuclear power plant needs electricity for numerous systems to
resain in a safe state. Both the electrical grid of a country,
and the long-term s ly of fuel for the emergency Diesel
generators, are likely to break down sooner or later in case of
var. A nlniiul number of qualified personnel must be available
for plant supervision and maintenance) supply of spare parts
night become necessary. Yet, Diesel generators are not designed
for long~term operation. Their failure rate will be high if
operated over weeks and months, even if fuel is available (Oko,
1987).

Thus, even if deliberate care is taken rot to directly attack
nuclear pover plants during a var, and no direct attack occurs
by mistake, there is a significant potential for accidents to
eventually occur.



Lo ACCIDENT MANAGENENT

14.1 INTRODUCTION

Traditionally, PRAs have applied rigid criteria in order to
deternine which accident sequences lead to severe core damage.
That is, a certain set of safety oxotolo is required to kee

the plant safe for a particular initiating event. If not &zl

the needed functions are available, severe core damage is
assumed to occur. However, a more optimistic approach is now
being gradually introduced. It is conceived that, even in cases
vhere 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 ainm
of such accident management is to avoid severe core damage in
situations waere the plant would othervise have to be written
off; or at least to avoid containment failure if SCD occurs.

Such possibilities of "accident management® are increasingl
given credit in PRAs, resulting in considerable reductions !n
the frequencies of severe core damage and early containment
failure. Accident managoment is a large field wvhich we will not
attempt to fully discuss here. We vill restrict our treatment
to those aspects which are relevant for PRA.

14.2 SUMMARY OF MAIN PROBLENS

Accident management places increased reliance on operator
intervention. Yet, possibilities of cimulator training are
linited. Hence, there is a large scope for human errors - froa
simple omissions to complicated improvisations which sggravate
the accident because the operators do not have a correct
picture of the situation, or make mistakes in devising their
strategies. This potential for error is enhanced by a serious
pressure of time sany cases vhich 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 unrealistic.

Furthermore, accident manzgement, even if performed as planned,
night prove ineffective, leading from one severe accident
sequence to another just as hazardous. It could even be
counter-productive - e.g., an attempt to avoid Hydrogen
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
management. Nevertheless, in the case of the German Risk Study,
credit is already taken for measures vhich cannot be
implemented in present-dav German reactors without complicated

and expensive backritting.
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14.3 BACKGROUND

The field of accident management (AM) is at present de

rapidly. It is difficult to give a precise a:d dotnllcx‘lo’in'

:;:1:1tlon. Kersting (1988) attempt to sum up what it is all
ut:

"The concepts and measures aimed at preventing a core melt or
mitigating its consequences vhich are not explic/tly considered
in the design are internationally known as accidunt nanagement
neasures. Accident management includes all measui'es vhich are
initiated in a plant to identify as early as possible
deviations from design hasis sequences, to diagnose and control
thes and terminate the disturbances vith minimum damage."

This gives a reasonable picture of the idea of accident
nanagement. What it comes down to is using NPP systems in a way
vhich wvas not originally pianned, in order to prevent or
nitigate accidents; i.e. allowing for improvisation in addition
;o th: }::nod use of safety systems, or when safety systenms
ave fa .

Howvever, this picture is not complete. AN procedures can affect
lant design if equipment hss to be upgraded, or nevly
nstalled, to permit their implementation. The separation

betwveen "ordinary® safety procedures and accident management is

still more fuzzy in the case of nev plant desi vhen accident
nanagemant features may be incorporated right from the start.

The idea of accident management is increasingly emphasized, and
has been introduced into the public debate on nuclear safsty in
recent years ( icularly after the Chernobyl accident). Seen
from the PRA-viewpoint, accident management appears to be
intended to provide the nuclear industry with a msans to make
up for less-than-satisfactory PRA results; either qualitatively
(by pointing out that estimated SCDFs need not be taken too
seriously, since AM will in fact h.lt to avoid severe core
dnu.g: in most c..ooz. or even quantitatively by incorporating
accident mancgemant into PRAs.

For our purposes, it is appropr-iate to distinguish three levels
of accident management:

= prevention of severe core damage;
- prevention of early containment failure should SCD occur;

- preservation of long-term containment integrity in case of
SCD without early containment failure.

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
probab111t¥. An excellent example is provided by the most
recent preliminary results of the German Risk sStudy, Phase B.
Overall SCDF is to be reduced from 3,1E~5/yr (without AM) to
$,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
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containment failure, or containment bypass): From JE~5/yr
without AM (i.e., without AM almost every accident leads to
very large relesses), to SE-7/yr with AM, i.e., a reduction by
a factor of 60 (Heuser, 1989).

Similar considerations apply in Prance. For example, it is

assunmed that accident management will reduce the probability of
the S.D-sequence (a very small LOCA with coincident failure of
the I 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
wvere taken into consideration vhen written procedures existed.
In a detailed study on accident management prepared for the
U.S.NRC (NRC, 1985), event trees for accident management
BeASUres were constructed. No estimation of probabilities,
however, was performed.

Accident management implies increased reliance on operator
intervention. Complicated procedures have to be performed,
vhich are not encountered during routine operation or when
dealing with minor mishaps. The value of simulator training is
limited, since the capacity to model complex accident dynaaicse
in the simulator is linited (and not all accident soguences are
sufficiently well-understood). Thus, there is large scope for
humsan e: 'rs; not only "simple® errors of omission, but also
complicated forms of counter-productive behaviour dve to hasty
improvisation, misunderstarding of the situation, etc. (compare
section 8.3.,1.3.2). Of course, on the other hand, human
creativity and intuition may also lead to unforeseen responses
vhich prove very effective. However, the increased reliance on
human intervention cortatnl¥ implies large ecror ins
vhen estimating the probability of AN failure or success in a
PRA, and hence leads to large error margins in the PRA results.
In some countries at least, AM also constitutes a basic change
of trend in the development of the general 'llf.tx philosophy".
In the FRG, for example, it used to be a basic principle to
linit the necessity of operator intervention during a severe
accident as much as possible, and render any interventions
oo:p}ot:ly unnecessary in the first 30 minutes after accident
initiation.

The problem of human error ir accident management is
exacerbated by the fact that the time available for the
initiation of procedures is often V.t¥ short. Consider, for
example, a transient in a PWR with failure of eaergency
feedvater ourplf. as treated in the German Risk Studv. Vithout
AM, this would lead to SCD. This could be avoided by secondary
bleed and feed, i.e., dumping steam from the secondary circuit
and thus lowering the secondary pressure so that alternative
vater supply to the ateam generator can be improvised.
Secondary bleed and feed, hovever, must begin 50 - 60 minutes
after accident initiation in many cases. The time required to
implement this measure, on the other hand, is about 45 - 60
ninutes. Thus, decisions need to be taken immediatiely at the
beginning of the accident sequence, and the practical
implementation nust start within minutes.



If secondary blaed and feod fails, primary bleed and feed might
still prevent severe core damage (opening of pressurizer relief
valves and high-pressure injaction). If high-pressure injection
fails, primary bleed alone could at least avoid core melt at

hi pressure, and reduce the danger of early containment
fallure. But again, time is a crucial factor. Furthermore, the
operators may be faced with rather awkward decisions: In case
of a delay in initiatior of secondary bleed and feed, would it
be safer to delay primary bleed and feed initiation (with the
risk that, wvhen secondary bleed and feed cannot be started
subsequently, it will be too late for zrtlcry neasures); or is
it better to start pri bleed (risk core melt when HPI
fails, even if secondary bleed and feed is implemented later,
if pressurizer valves cannot be closed again in time). Similar
considerations apply in case of a small LOCA; however, in this
case, seccndary bleed and feed alone (without HPI) cannot
prevent core melt, it can only prevent the high-pressure-path
(Kersting, 1988; Fischbacher, 1988).

Similarly, in case of the French investigations, the time
available for the operator to install short term cooling via
the steas generators in the §,D-sequence can be as short as
20 minutes (Bars, 1985).

The high stress level in such situations will lead to a very
high probability of ineffective, or even counter-productive,
humsan behaviour (there is even the possibility that operators
may overreact in a sequence vhich would not ordinarily lead to
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 perforsed as intended, accident management
messures may not reach their aim, 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 (HPME) and ECF, vhereas the "low-
pressure-path® 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 stean
explosion wvhich destroys the reactor pressure vessel and
results in ECP.

Another measure to avoid early containment failure - the
controlled burning of R{droqcn in order to avoid destructive
detonation - can actually initiate the detonation it seeks to

render impossible if performed too late.

Also, the restoration of cooling water to a core which is
already dried-out and hot may cause a rapid Zirconium-steam
reaction, leading to accelerated meltdown (Sholly, 1986,

po ’-6)0
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Containment venting to aveid late containment failure due to
overpressure, as already introduced in the FRG, France and
Sweden, and seriously considered by many other countries, is
also highly controversial. Due to the pressure drop, steam will
condense in the containment. Thus, Hydrogen detonations may
become possible which otherwise could not occur because the
containment atmosphere ‘s inerted b{ high steam concentrations.
(This, however, is a complex issue in need of further study.)
Furthermore, containment venting could actually aggravate some
accident situations, e.g., containment venting could have made
the conssquences of the TMI-2 accident worse (NucEng, 1989%a).

All in all, many questions still remain o in connection with
accident management. One important issue is the survivability
of equipment needed for AM under accident conditions (NUREG-
1150 J, 1987). Purthermore, it must be noted that the results
of the German Risk ftudy concerning the significant reduction
of accident probabilities by AN do not correspond to the actual
plant status. Backfitting measures are necessary in German PWRs
to make possible AN to the extent which is already taken for
granted in the risk study. Por example, in order to create
primary bleed capocttx, an additional relief line with two
motor driven filot valves must be installed at the pressurizer
to allow opening of the safety valves from the contrel room
(Fischbacher, 1988). The inclusion in a PRA of measures vhich
cannot yet be perfcrmed is even mors 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 &n expert panel
assembled by GREENPEACE in order to assess the hazards of
present-day commercial powver reactors:

"... these reactor types are technologically mature in the
sense that they have, over the decades, more or less reached
the limits of their potential for development and improvemsent.
They are as good as they can get. (...) Purther addition of
safety systems, or further increase of sophistication of
systems are likely either to bring only larzinal improvements,
or to have negative returns because of the increase in
complexity® (Anderson, 1986).

As far es can be seen today, accident management doesd not have
the potential to invalidate this statement.

14.4 DISCUSSION OF RESULTS OF DRS, PHASE B

We consider the accident category "plant internal transients"
of DRS B. This category constitutes about 2/ of SCDF without
accident management, and is the category the frequency of which
is nost drastically reduced by accident management.

According to preliminary results of DRS Phase B (Heuser, 1989),

the mean value of SCDF due to transients without accident
nanagement amcunts to 2E-5/yr. For AM measures wvhich serve to



«void severe core damage, a failure probability of 0,01 is
assumed. This number is given as "rough assessmsent”, vithout
detailed justification. re is no indication as to whether it
is supposed to be the mean or the medien of the failure
probabllity distribution. Thus, with AN, ar SCDP contribution
of 2E-7/yr fcr transients is claiied.

This ro ASsessmant appears to be unrealistically optimistic,
Using different, equally plsusible, assumptions, the reduction
of SCOF by sccident management is much less significant. Por
instance, let us assume that

== due to the introduction of accident Banagement options, the
SCDF contribution due to tranmients is increased by 10 &, to
2,2E-5/yr (because the posecibility for additional accident
sequences might be created);

== the median failure probability of accident management is
0,1, which appears to be an appropriate value for actions under
high stress;

== the variation factor K (assuming lognormsal distributions)
both for the SCDF contribution due to transients, and AM

failure probability, equals §;

== and the two random variables "severe core damge ¢
due t: transients® and "AM failure probability" are completely
correlated.

Our calculations shov that the resultirg SCDV¥ (transients),
vith accident managemen:, equals about o,!l-s/gr.fhu-, our
assessnent yields an improvement in SCDF by a factor of 2 only.
Overall SCDF will be reduced Ly a still smaller factor.

This example is based on assumptions which are to a large
extent arbitrary. It is not intended to ttvo a reliable
estimate of the reduction of SCOF by accident management.
Rather, its purpose is to illustrate the considerable
uncertainty associated vith estimating the influence of AM on
PRA results.

(The final results of DRS Phase B, published at a time wvhen
this study was in the last phase of completion, contain only
slight modificatione of the preliminary results discussed here.
For the accident category considered here, the overall
reduction of SCDF contribution by AM is claimed to be by a
factor of about 80 instead of 100. The reduction of the
contribution of the high-pressure path alcne is still assumed
to be by a factor of 100. Thus, the discussion here remains
valid.)
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18 UNEXPECTED PLANT DEFECTS

15.1 INTRODUCTION AND SUMMARY OF MAIN PROBLEMS

PRA analysts seek to identify failures which fall inteo two
classes: 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,
materials and machines, and for factors such as equipment
aging. However, the analyst cannot readily account for
unexpected humsan bshaviors =~ such as acts of sabotage -~ or
for unexpected defects in the plant. The present discuseion
focusses on the potential for, and significance of, the latter
problem ~~ unexpected plant defects.

Such unexpected defects may arise from improper design,
construction or maintenance, or from unexpected changes in
material properties due to factors such as corrosion or
epbrittlement. Howvever, all significant defects in this
category share two characteristics. PFirst, they can cause
components and structures to behave in vays not consistent vith
plant specifications and safety regulations. Second, they will
not be rolinh:g.dotooeod throurh routine inspections and tests.
As & result, MRA analyst will find it difficult -~ and in
nany cases impossible -~ to identify and ascribe probabilities
to failures vhich might arise from unexpected plant defects.

By their very nature, these defects will tend to remain hidden
in normal circumstances. However, plant construction and
operating experience in many countries has revealed a
considerable number of defects vhich were not detectud by
routine inspections and tests; and also of defects which,
although detected by tests, mnight well have led to severe
problems before they were discovered. Examples of these
instances are described Lelow. It must therefore be assumed
that there are other, so far undetected, defects in nuclear
pover plants, but there is no basis for estimating their

likelihood or significance.

Since it s | sible to reviev vorld-vide relevant plant
experience within the scope of this study, this section mostly
deals vith US nuclear pover plants. Howvever, as some examples
concerning Buropean plants illustrate, there is no basis for
assuming that US plants are unique in terms of the prevalence
of undetacted defects.

15.2 EXAMPLES OF UNEXPECTED DEFECTS AT US NUCLEAR PLANTS

The Crysta)l 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 avent report (LER) describing
plant defects which resulted in a potential common mode failure
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of a systes important to safety. The defects wver detected

by the plant's quality assurance (QA) and quality rol (QC)

program during construction, but through visible structural

?:lnool:tg?b becams obvious after nine years of plant operation
su, .

The visible dul.ro consisted of cracking in a concrete pedestal
vhich supports discharge piping from two heat exchangers in the
nuclear service clomsed cycle cooling water systen.
Subsequently, hairline crockinr vas 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 support
pedestals vere not designed for the loads sctuall experienced.
This could have led, at any time, to a failure which would have
rendered both trains of the cooling systems inoperable.
Moreover, the same investigation showed that a rigid seisnmic
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
out!iet¢nt1¥ strong, the piping Il! not have withstood an
earthquake for which it was nominally designed.

In this case, two separate but related defects arose at the
detailed desi level and vere not detected by routine
Beasures. Prior to their detection, a PRA analyst would have
had no basis for assuming a failure from such defects. Yet, the
defects could have causad a common mode failure rendering the
cooxtnt l{'t.l inoperable. Such an event would have violated
the "single failure criterion® and would be outside the plant's
design basis.

The NRC's Generic Investigation After the Crystal River
Incident

In the vake of the above-mentioned incident, the NRC searched
its filer for LERs describing similar design and construction
defects. For reasons unknown to us, this search vas confined
to LERs submitted between January 1984 and September 1986,
Yet, despite this limited scope, the search identified a total
of 55 reports inveolving 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 plece 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 (Hsu, 1987).

The 535 reports were from 34 plants; of these 55 reports, 36
referred to original design or construction problems, while 19
referred to plant modifications. Reported defects can be
grouped into six categories:

(1) piping stress exceeding code limits;

(11) incorrect hardware or improper installation of hardware;
(iii)lack of fire seals for electrical cable penetrations:
(iv) electrical wiring errors;
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(v, + rors in slectrical; instrumentation and control
reuits; and
(vi) welectrical and control panels not seismically supported.

In sone ceses, the defects can be attributed to poor
vorkmanship. A particularly egregious example invoived Crystal
River Unit 3, in an incident different from the one described
above. Here, many bolts supporting ductwork for the control
room ventilation system were found to be too short to provide
ndo:::to strength or to have been cut off and their heads tack
vel in place, to give the appearance of proper installation.
Yet, by no means all the defects can be attributed tc markedly
substandard vorkmanship. Many are typical of errors or defects
vhich are not unusual in construction or modification of
complex systems.

Defects Introduced by Faulty Maintenance

A recent NRC report (Wegner, 1989) attempts to assess the
probability and implications of significant maintenance
deficiencies by revieving operational experience reported to
the NRC over the period 1985 - 1988. The report's conclusions
include the following statement:

"Maintenance-related problems have been identified in many
systems and components in several ororltt nuclear plants.
The type of components and systems involved, such as motor-
operated valves, solencid valves, plant air systems, and
service vater systems, point out pervasiveness of the
problem and the potential for common cause fajilures of
redundant safety equipssnt and systems."

In illustration of these maintenance problems, consider a case
vhere a nev type of grease vas used on moter-operated valves.
The nev grease vas qualified for accident conditions, and thus
its use vas part of an effort to enhance plant safety. However,
the nev grease had a lower viscosity, and thus migrsted to a
region of each valve vhere it inhibited the compression of a
spring vhich vas needed to operate the valve. Clearly, this
pfobltl had the potential to disable many valvea at the name
time.

Defects in Concrete Containment Buildings

Level II PRAs usually devote considerable attention to the
probability that containment will fail 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
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 claim will
depend upon the accuracy of the supporting analysis and the
extent to which the actual containment corresponds to the
"theoretical™ containment which is analyzed. There is reason
to believe that there may be significant discrepancies between
"theoretical®™ and actual containments. Consider the case of
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high pressure injection

low pressure injection for flooding

sump and circulation operation

integrity of pressure vessel for ECC
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core melt yes(y)/noin)

Fig. 1.1: Event Tree for "small-break LOCA" (DPS A, 1979)
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Tag;! 2.2: Results of US PRAs

Plaat Name (PRA Vintage)
BABCOCK & WILCOX PWR,

Three Mile Island 1 (1987)

Oconee 3 (1981)
Ocovee 3 (1984)
Arkansas | (1982)
Crystal River 3 (1981)
Crystal River 3 (1987)
Midlaod (1984)
WESTINGHOVISE PWRs
Indian Point 2 (1962)
lodias Point 2 (1982)
ludian Poiat 3 (1982)
Indian Poiat 3 (1982)
Seabrook 1 (1983)
Millstone 3 (1984)
Sequoyah 1 (1981)
Sequoyah 1 (1984)
Sequoyah 1 (1987)
Zion 1 (1981)

e A T T 1Y

(MHB, 1989)

loterual
Eveats
Core Meld

Ercauency (pev R)

44x10

80x 10"
s4x10
50x10%
40x10*
37210

28x10%

29x10
79x103
33x 104
13210
17x 10
4sx10%
56210
91x10°3
10x 10

572103

1-\."\"

Events
Core Mgl

Erequency (per Ry)

11x104

NA.
202104
NA.
NA.
NA.

31x103

6.0x10°3
6.1x10°%
15x10°5
10x 103

s8x10°3

14x108

NA.
NA.
NA.
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Table 2.2 (continued)

Plant Name (PRA Vintage)
Zior 1 (1987)

Surry 1 (1975)

Survy 1 (1987)

Haddam iNeck (1986)
COMBUSTION ENGINEERING PWRy
Calvert Cliffs 1 (1980)
Calvert Cliffs 2 ( 1982)
GENERAL ELECTRIC BWRs
Browns Ferry * (1982)
Peach Bottom (1975)

Peach Bottom (1984)
Peach Bottom (1987)
Grand Gulf ( 1981)

Graad Gulf (1984)

Grand Gulf (1987)
Millstone 1 (1983)
Milkione 1 (1985)
Limenck (1981/1983)
Limerick (1984)
GESSAR.-1 (1982)
GESSAR.-11 (1989)

Oyster Creek (1980)

™™
..

loternal
Events
Core Melt

Ersquency (per vy)
15x10*
60x10%
26x10%

172104

15210
13x10¢

20x10"
302103
36210
82x10%
36x10°
83x10%
28x10%
30x10*
8.1x10
15x10°°
85x10°
43x10%
38x10°
485 10°% (total)

Core Me ) ¢t

Erequency (per )

NA,
NA.
NA.

18x10

NA,

NA.

NA,
NA,
NA.
NA.
NA.
NA.
NA,
NA,
NA,
91x10%
9.1x10°
602107

67x10°3



K reference value for fracture toughness

K*' Kernkraftwerk (nuclear pPower plant) Krummel, F.R.G.
KKS Kernkraftwerk (nuclear power plant) Stade, F.R.G.
KTA Kerntechnischer AusschuB8, F.R.G.

KwU Kraftweirkx Union, F.R.G.

L(J/1) likelihood-function for J given 1

linear elastic fracture mechanics
licensee wvent report
LLNL Lawvrence Livermore National Laboratory, U.s.

5§

LOCA loss-of~-cnolant accident

LOFW loss of fredwater

LOOP loss of o'fsite power

LWR light vater reactor

M median

MDFF multiple dependent failure fraction

MGL multiple Greek lettar

MSIV main steam isolation valve

NPP nuclear power plant

NRC Nuclear Regulatory Commission, U.S.

OSART operational safety reviev team

P reactor thermal powver

PISC Plate inspection steering committee

POPV pPover-cperated relief valve

PRA probabilistic risk assessment

PSA probabilistic safety assessment

PSAPACK  integrated PC package for PSA level I

PSF performance shaping factor

PWR pPressurized water reactor

QA quality assurance

2K qualtt¥ control

R exclusion radius

RCIC reactor core isolation cooling

RCS reactor conlant system

RPV reactor pressure vessel

RSK Reaktorsicherheitskommission (reactor safety
commission, F.R.G.)

RT reactor trips

RT room temperaturse

S design stress level

s!D severe core damage

SCDFP severs core damage frequency

SERG steam explosion review group

SG steam generator

SGTR steam generator tube rupture

SI safety injection

SKI Statens Kirnkraftinspektion (Swedish Nuclear Powver
Inspectcrate)

SRV safety relief valve

T nil-ductility transition temperature

TﬂBﬁP technique for human error rate prediction

T™I Three Mjles Island

TUV Technischer Uberwachungsverein, F.R.G.

VVER-440 Soviet type pressurized vater reactor, 440 Mwe

2,5E~4 2,5x1074 etc.



ARBRENVIATIONS

AEC Atomic Energy Commission, U.S.

AECB Atomic Energy Control Board, Canada
AFW auxiliary feedwater

Al artificial intelligence

AM accident management

ASAR as operated safety analysis report
ASME American Society of Mechanical Engineers
ASP accident sequence precursor

ATWS anticipated transient without scram
BFR binominal failure rate

BNL Brookhaven National Laboratory

BPM basic parameter model

BWR boiling water reactor

ccr common base failures

CEGB Central Electricity Generating Board, U.K.
coD crack-opening-displacement

CRT cathode ray tube

CSR containsent spray recirculation

DBA design basis accident

DBTT ductile~-brittle transition temperature
DCH direct containment heating

DG diesel generator

DOB degree of believe

DRS Deutsche Risikostudie

E mesn or expectation value

ZCF early containment failure

EdF Electricité de France

EP emergency powver

EPRI Electric Power Research Instituta, U.S.
ERDS Eurcpean Reliability Data System

Fg S¥-fractile

F 958~-fractile

t?i) probability density function of 1 without knowledge

of J (?rior distribution)
£(1/3) probability density function of 1, given the
information J (posterior distribution)

FCI fuel coolant interaction

FSAR final safety analysis report

HAZ heat affected zone

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
INPO Institute of Nuclear Power Operations
Jy crack initiation value (from elasto-plastic J-

integral theory)
K (=Kgg) variation factor of lognormal distribution
stress intensity for crack arrest
fracture toughness (critical stress intensity)

211



It will be noted frow 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 an
important part of a core melt accident sequence. In the
context of PRA, these events must be counted ar sabotage.

Sabotage-related events at nuclear plants have also bean
recorded in many other countries. Appendix 17\ summarizes the
events which were identified in a reviewv performed in 1983.
The list of svents in Appendix 17A is incomplete and excludes
acts of war (such as Iranian and Israeli aerial attacks on
Iraq's Tammuz-l research reactor in 1980 and 1981). It showe ,
however, that nuclear plants have been a focus for violence or
severe employee disaffection in many countries.

Some fear that the incidence of sabotage -- at least that of
terrorist origin -- may increase. Pigures 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
tvo decades, and a qroving 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 ldanger.

17.3 PROSPECTS FOR REDUCING THE IMPORTANCE OF SABOTAGE

In the United States and elsevhere, efforts have been made to
reduce 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
daboteur's task or allowing plant operators to more readily
recover control of the plant after a sabotage event (egq,
Andrews, 1986; Bennett, 1982; Goldman, 1982; Lobner, 1982).

Such measures create their own problems. Rigorous control of
access and intense surveillance of sensitive areas will
interfere with civil liberties and can reduce employee morale.
Moreover, ysical measures to control access (locked doors,
etc.) can r the movement of plant personnel in an
energency, potentially exacerbating the effects of an acciden:.
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.

aan



17 SABOTAGE

17.1 INTRODUCTION

To date, PRA analysts have not sought to account for the
possibility of oabotugo, recognizing that it is not susceptible
to their usual analytic approach. However, some limited
analyses ha - -aan made, seeking to draw quantitative lessons
from the reco.u of nuclear-plant-related sabotage (eg, Andrews,
1786). It is unlikely that such analyses will soon be
incorporated into formal P + 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.

Thus, sabotage will remain a factor which could increase the
probability of a core melt accident, or the probability of a
larye source term given a core melt, by an uiknown amcant. The
historical record of sabotage suggests that this unknown
quantity is not trivial.

17.2 THE RECORD OF NPP-RELATED SABOTAGE

Table 17.1 summarizes the sabotage-related events recorded by
the NRC for the period 1976 through 1983. These events all
involved nuclear facilities or materials regulated by the NRC =~
= that is, events inside the United States. Purther slaboration
of these events is provided in the study from which tabie 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 bombe have been found outside critical areas.
Detonations that have occurred have not damaged safety-related
equipment. Intrusions with unknown or malevolent intent have
occurred 17 times. These acts were judged to have the
potential to damage plant systems because the intruders wvere
not alwvays 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
emérgency 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
conseguence."
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reactor coolant system blowdown occurred outside primary
containment® (Rubin, 1984). This event, aside from any
significance it had as a potential core damage pPrecursor, was
notable in that the dischargez coolant travelled through floor
drains and (via an open drain hub in a room of the reactor
building) created a harsh (hot and moist) environment which
shut down the reactor core isolatien cooling (RCIC) system.
This is a classic case of system interaction which had, in a
general sense, already been foreseen by the NRC and
communicated to the plant licensee. Yet, the licensee had
failed to adopt the NRC's suggested modifications. Apparently
the ilccnooo had either not understood or not cared about this
problem.

Appendix 16A provides an account of two separate instances of
system interaction which occurred at Millstone Unit 2 (an 870
MWe PWR) in January 1981. In the first instance, an o rator
error initiated a sequence of events which came very close to a
"station blackout® condition. The event sequence shows a high
degree of coupling among nominally independent sources of
electricity supply. In the seccnd instance, reactor coolant
vas transferred from the pressurizer to an accumulator via an
unexpected route -- the nitrogen system. This also illustrates
the possibility for unexpected linkages among systems.

None of the above-mentioned events led to core melt. However,
they clearly illustrate the potential for unexpected
intera:t!ons among plant systems. PRA analysts may be alert to
the pouotﬁilitl of such interactions, but cannot be certain of
identifying all potentially significant interactions. Thus,
the orobalility of failure of redundant, nominally indspendent
safety svatems will in practice be greater than PRA analysts
will predict.



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;

* the requirement to consider the "largest credible® force was
reduced to a requirement to consider the "most probable
naxinum® force; and

* calculation of material strengths was permitted using "test"
strength rather than "design®™ strength.

Even with this waiver, substantial costs and delays in plant
operation arose. As an indication of thoee costs, the owners
of the never-completed Zimmer ' .ant estimated that
modifications te that plant's containment cost $360 million
ircludi interest, an amount 6,5 times the original

$55 aillion 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 (Stecklow,
1984).

16.2.2 (nexpected Interactions among Plant Systems

The potential for unexpected interactions can be illustrated by
an event which occurred at Robinscn Unit 2 (a 665 » @ 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. Elsewvhere in that building, welders also
observed sparks igniting flames in the vicinity of an
instrument air manifold. It was discovered that the service
air syrtem had been contaminated with Hydrogen at
concentrations up to 6 §, which is in the flammable range.
Hydrogen concentrations exceeded flammable levels in the air
systems of the turbine, auxiliary and containment buildings.
Investigaticn showe that the Hydrogen had been introduced into
the uir system through errors made by a worker who was
performing post-maintenance testing on the plant's turbo-
genarator (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



Nevertheless, many BWR plants were built with Mark I and Mark
I1 suppression pool containments, drawing upon these early test
results (NRC, 1977a).

During the early 1970s, incidents at BWRs in West Germany,
Switzerland and the United States shoved that viclent
oscillations could arise in the suppression pool during
discharge of RCS relief valves. An empirical investigation of
this phenomenon conducted at one ©f the Browns Ferry BWRs in
1973 had to be stopped for fear of damaging the plant. During
the same period, 3eneral Electric undertook large-scale testing
of their new Mark III containment concept. These tests showed
unexpected dynamic effects in the pool after a simulated LOCA,
thereby sparking a prolonged and expensive empirical and
theoretical investigation which adresced Mark I, Mark II and
Mark III containment designs. PFor Mark I containments (other
containment designs exhibit analogous effects), the following
sequence of events was identified as the sequel to a LOCA (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
and vent system;

* ejection of a jet of water from each downcomer into the
pool;

* formation of an air/steam bubble at the exit of each
downcomer;

* swelling of the pool surface as the zir/steam bubble
expands;

* breakup of the pool surface;

* "fallback"™ of elevated pool water, and formation of waves in
the pool szurface (this phase begins 3-5 seconds after the
LOCA); and

* condensation of LOCA~generated steam over a relatively
prolonged period, with the potential for "chugging” at the
downcomer wuxits.

inalyses indicated that structural loads arising from these
phenomena, or from the dynamic phenomena associated with
discharye of RCS relief valves, could exceed the capabilities
of containments then in operation or under construction.
Containment failure could follow. As a result of this
discovery, substantial plant modifications were made. Despite
the modifications, the NRC was obliged to waive several
containment safety regulations so the plant operation could

“Ar



16 UNEXPECTED PROCESSES

16.1 INTRODUCTION AND SUMMARY OF MAIN PROBLEMS

PRAS can only address nmodes of plant behavior which are
expected and which are well understood. It is therefore
noteworthy that there have bsen several instances where
hitherto unexpected processes have been identified. These
instances give warning that other, so far unidentified,
pProcesses pay be important.

One instance has been discussed elsewhere in this report. This
instar.ce is the discovery of high-pressure melt ejection (HPME)
as a phenomenon which can lead to early containment failure. It
is ironic that HPME was first proposed (in the 1981 Zion PRA)
48 a mechanism which would reduce the probability of
containment failure. Upon empirical and theoretical
investigation, however, HPME was revealed as a severe threat to
containment integrity.

Another instance is discussed at greater length below. 1In this
case, operating experience and empirical investigation revealed
that dynamic effects could threaten the structural integrity of
BWR suppression pool containments. This discovery was made
after many containments had been built. Extensive
modifications to plants in operation and under construction
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, howvever, the realm of unexpected processes also
includes unexpected interactions among plant systems. Although
PRA 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 BACKGROUND

16.2.1 Dynamic Effects in BWR Suppression Pools

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.

elal



trip mechanism was incorrectly reassembled; and in thr
the cause could not be determined. ¢ cases,

Only one of two trip channels was affected in each case.
Nevertheless, the reactor trip system is a vital safety systenm
and the repeated occurrence of failures at dif’lerent plants is
an alarming symptom - particularly as the causes could not be
determined in every case. Complete failure of the trip systea
during a transient can lead to severe core damage.

Changes in maintenance, testing, and reporting procedures, and
modifications of trip breaker coil control, were implemented as
counter-measures. However, the last two incidents occurred
after those measures wvere taken (NEA/IRS 577, 1986),

Moreover, faults in control rods which could affect the trip
capability were reported 1985 for another French PWR (faults
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 problems are well
recognized and the first counter-measures were taken several
years ago, a nevw control rod incident ocrured April 1, 1989 at
Gravelines-4 PWR. A control rod had broken off and fallen to
the bottom of a fuel assembly, causing the control rod Cluster
to stick at the intermediate position. Analysis showed that the
local wear on the control rod casirg wvas far more severe than
had been predicted by studies. The earlier E4F criteria for
control rod wear were not correct (NucWeek, 19894).

15.4 PROSPECTS OF PRA ANALYSTS ACCOUNTING POR UNEXPECTED
DEFECTS

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,
Level 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 melt, 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?

2Na



would remain the problem of predicting materials Properties and
the characteristics of Pre-existing cracks at all critical
points 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. In-service inspection of
old vessels cannot rectify this d screpancy.

Problems connected to reactor pressure vessel failure are
treated further in section 9.

15.3 FURTHER EXAMPLES OF UNEXPECTED 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 most KWU-built PWRs, this structure
is secured by bolts. The material of those bolts originally was
partly Inconel X 750 (used in places where particularly high
operational stresses were 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)
48 out of 240 (Bohn, 1985); and in GKN-1 (1986) 69 out of 480
(ATW, May 1987). The defects were found during routine tests.
However, it is simple chance that the number of failed bolte
did not grow more rapidly during the years, and that the tests
vere performed sufficiently early to avoid major damage (in
GKN-1, where the failed boits were found in 1986, the most
recent tests before that had been 1981).

Further bolt failure could have led to loss of integrity of the
core enclosure. drastic changes in the coolant flow regime, and
Severe core damage due to partial overheating,

Those defects occured at Biblis A and B, stade, Unterweser, and
GKN~1 (Neckarwestheim) in the F.R.G., Borsselle in the
Netherlands, and Goésgen/Switzerland. It is notable that the
severity of the problem appears to have been underestimated for
several years. At first, only defective Inconel bolts were
replaced by austenitic steel bolts. Defects kept occuring, and
only in 1986 (possibly in connection with the "Chernobyl-
shock™) a general replacement of all Inconel 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 ocbrerved in 7 French PWRs during testing. Two incidents
resulted from poor contact at the shunt trip coil; once an

intruded piece of metal blocked the trip mechanism; once the



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
pPressure). 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

Precervation of the integrity of the reactor coolant system
(RCS) is one of the highest priorities of reactor safety. Many
possible failure modes of the RCS boundary -- such as failure
of the pressure vessel =-- are outside the design basis, even
though the materials in that boundary face a severe
environment. Cycles of pPressure and temperature, high neutron
flux, mechanical shock and vibration, and corrosive
environments each Pose their special challenge.

Operating experience in the United States has shown that RCs
boundary materials may be une tedly degraded by these
challenges. The examples mentioned here are of defects which
vere id.ntified before a major failure occurred, but they
illustrate the a.fficulty of predicting the nature and
likelihood of failu.« modes.

First, consider the case of failures in PWR steam generator
tubes. Such failures are potunt1111¥ significant because they
can cause a loss of coolant which initiates a core melt
accident, and because they can create a direct path from the
core ion to the ocutside atmosphere. It is therefore
disturbing that significant tube dagradation has been observed
at many plants, and tubes have failed in service. On

25 January 1982, a tube rupture occurred at the Ginna plant

(& 450 MWe PWR) leading to a small release of radiocactivity and
the declaration of a Site Area Emergency (NRC, 1982a). 1In
response to this and other events, plant licensees have paid
increasing attention to tube degradation. However, it may be
difficult to detect the full extent of adation through
routine inspections. FPor example, in April 1985 the licensee
of Millstone Unit 2 (an 870 MWe PWR) used a nev 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 pescent of wall thickness. Yet, eddy current testing
conduc:ed prior to the chemical cleaning had predicted much
less extensive damage (Ryan, 1985b).

A second example is the faster-than-anticipated embrittlement
of reactor pressure vessels as a rasuit of exposure to neutron
flux. Current concern ls 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
& rapid temperature transient while at high pressure. Attempts
have been made to estimate the probability of vesseal failure
following hypothesized events of this kind (eg, Simonen, 1986)
but, even if such analytic methods were to be perfected, there



concrete containments -- both reinforced and Prestressed --
viich are the most common containment type in the United States
and elsevheres. Clearly, the strength of & concrete containment
will depend heavily cn ths care taken in its construction. For
example, the strength of a reinforced concrete ‘ontainment
depends on the integrity of long reinforcing bars with multiple
splices -- these bars are only as strong as the weakest splice.
vVoids in concrete, which are particularly likely where
soncentrations of reinforcing steel (and stress) are high, can
substantially weaken the containment. In addition, the
geometry of the actual containment may not be exactly as
specified. PFor éxample, out-cf-roundness of the containment
cylinder can occur, causing local stress intensification and
instability. Ssuch asymmetry could arise durin corstruction,
Or subsequently due to factors such as creep distcrtion caused
?g.:?nq-tor- insolation on one side of the structure (Gittus,

Problems with ccrrosion of steel reinforcing bars and tendors
(Gittus, 1982). Although this probles is recognized and
guarded against for reactor containments, it is impossible to
guarantee total)ly 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
summarized in figure 15.1., oOf these problems, five could -- ir
not identified and corrected -- have had serious consequences.

involved two dome delaminations, voids under tendon bearing
Plates, tendon anchor head failures, and a breakdown in quality
control and construction Banagement (Naus, 1986).

Figure 15.2 shows the extent of dome delarination identified at
Turkey Point Unit 3 (a 666 MWe PWR) during construction. This
problem wvas revealed during tensioning of tendons in the
containment dome, when sheathing filler was observed to leak
from a crack in the dome surface and a bulgo developed
elsevhere 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 hNumerous tendon wires were broken near the
fractured anchor heads. This failure was detected about

8 years after ths tendons were stressed, and it is speculated
that the breakages occurred during a minor seismic event in
October 1984 (Hudgins, 1985). Purther examination using
magnetic particle testing revealed cracks in 18 other anchor
heads at Farley Urit 2 and 6 anchor heads at Farley Unit 1
(each unit has about 100 vertical tendons). laboratory tests
have indicated that the cause of the anchor head failures was
stress 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



Table 2.3: Comparison of core d

frequencies due

to internal

initiators (from NUREG-1150 Grand Gulf, RSSMAP Grand
Gulf, and IDCOR Grand Guif)
Fre r _reactor r
NUREG-1150 RSSMAP IDCOR

Event Tyne Grand Gulf Grand Gulfr* Grand Gu)fee=
Station Blackout 2.8 x 10-% 1.3 x 10-¢ 3.4 x 10-7
ATWS 1.8 x 10-7 5.4 x 10-¢ €.7 x 10-¢
Transients with <1l x 10-% 1.8 x 10-% 1.9 x 10-?
Loss of Long-Term
Heat Removal
Transients with <l x 10-% 2.2 x 10-¢ 1.0 x 10-¢
Loss of Al
Injection
LOCA*** with Loss <1 x 10-8 9.9 x 10-¢ 1 x 10-¢
of Long-Term
Heat Remova)
LOCA*®® with Failure <] x 10-8 7.7 x 107 1 x 10-8
of A1l Injection

Total Core Damage 2.8 x 10-% 3.6 x 10-°% 8.3 x 10-¢

frequency

*From Appendix D, Grand Gulf RSSMAP report (Ref. 3.12).

"*From Table 5-11, IDCOR Task 21.1 Report (Ref. 3.7).

***Includes stuck-open relief valves.
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FREQUENCY (PER REACTOR YEAR)
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SURRY ZION ZION* SeQUOYAH PEACH
8OTTOM

® ZION CORE DAMAGE FREQUENCY WITH REDUCED CCW PIPE FAILURE RATE
SEE SECTION 32

Fig. 2.4: Comparison of severe core damage frequencies
(NUREG-1150, 1987)
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Figure 2.7 (NUREG-1150/2, 1989):
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(a) Tnternal core damage frequency distributions
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(b) Internal core damage frequency ranges (5th and 35th
percentiles)
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Fig. 2.11: Source: NRC, 19860

MRC's Sefety Goals for Operetion of Nucleer Pewer Plaats

(1

(2)

Ingividus! members of the public should be provided o level of protection from the
consequences of nuciesr power plant operation such thet indiyidusis bear no
significant adtitionsl riok 10 |1fe and heelth

Sacietsl risks to |1fe end hesith from nuciear power plant aperetion should be
compareble to or less than the r isks o ganereting electr icity by viable com detng
technolagies &rd 8oy 0 not be o SIgN1Ticant aadition to other saciets) risks.

Queatitative Ohiactives Used e Gsee Achisvameni of the Cafety Goals:

(N

(2)

The risk (0 an everage individusl in the vicinity of o nucaar power plant of
prompt fetelities thet might resuit from reactor socidants should not exceed
e~ tenth of one percant (0.1 percent) of the sum of prompt fetelity risks
resulting from other aucidants to which members of the US papulet ion are

generel ly axpossd

The risk to the papuletion in the ares near ¢ nuciear power plant of cancer
fotelities thet might result from nuciear power plant operstion should not excesd
ane~ tenth of ane parcent (0.1 percent) of the sum of cancer fetel ity risks
resulting fram il other couses.

Ganeral Poerfarmwmce Ouidelins:

Conststent with the treditionel defense- in-depth approsch end the eccidant
mitigation philosaphy reguiring reliable performance of contsinment systams,
the oversl| mean \reguency of & large release of radioact lve meter iels to the
ervironment from o resctor eccident should be less then 1 1n 1,000,000 per yesr

of reactor operstion.
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Table 3.1: Summary of ASP findinge to date

(Minarick, 1g9gp)

Frequency of events (per reactor-vear)

With
Period P Loote
dou")
210°
19691979 0.03
1980981 0,045

1984~ 986 0.022
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Types of Dependent Failures Encountered in PRA
(Fleming, 1983)
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Table 7.3

Results of diffaorent models for unavailability
of AFW-System (freguency per demand)

(Fleming, 1986); Authors' calculations for
A=0.,1 and Indep. Models

W "L m bhact.  Be0.) Indep.
LOMO® N0 LIN0T L0 S0N0% 600

Table 7.4

Data base for Diesel Generator Case
(Hirschberg, 1988%)

¢ 50 groups of four diesel geperators (Dis); 200 DC-umits
¢ Tvo opereting years for escd growp

¢ Pest interval ¥+ 2 veeks * 336 b all four DGs vere star-
ted sisultanecusly vbes tested

¢ Real desends: 0.5 per opersting year and DG-growp

¢ 2600 tests of Di~groups, 50 real demands (2650 DC-growp
starts, vhich correspons to 10600 DG-unit starts

¢ 256 single failures (246 at tests, 10 ot deminds)

¢ 3] doubie foilures (29 ot tests and 2 ot desands), «hereof
13 independent and 18 OCPs

¢ 3 triple failures (3 ot tests and O at demands), vhereo!

obe corresponds to 3 independent single failures, one is ¢
combination of 4 double CCT act an independent failure,and
one is o triple OC7

¢ B quadruple failures




Results of different models for Diesel Generator Case

(Hirschberg,

Table 7.5

(freguency per demand)

1985); Authors’ calculations for MGL-FL Model

DT ML Bhect B DI KR

of 4
Jot4g ¥
dof o

13200077 1.20000°% 0.22000°% 7.50000°% 2.63000°% ).l4s)0"*
1510107 1.26000%% 2.08000°% 3.68000%¢ 2.48000°% §.740)0"¢
7700070 D.99000%¢ 1. 45000%%  6.060007% 9.94010°% £ 55010

*) upper beund appresisstion for quadruple feilwre

cslovietad saverding Bayesian approach (Fieaing, 198e)
"o quedrupie faliluwre sosuand

- P of ¢ woena follure of 3, wr 3, or & componests

208 weans feilwre of 3, or ¢ compomens

e




Effect of Data Screening on Data base
(Hennings, 198%)

Standdy pumps
failure of number m “ .:m.m i
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Pigure 7.1

Common Cause Contributions according to NUREG-11%0
for different plants
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Simplified schematic of major components
of the example AFW-System
(Fleming, 1986)
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Eigure 7.3

Reliability block diagram of example
AFW-System (Fleming, 1986)
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Results of Diesel Generator Case for different Models
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Pigure 7.5

General common cause fault subtree for Component A
in a common cause group of N components
(Fleming, 1986)
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Rigure 7.6

Results of different teams for unavailability of
AFW-System of a German PWR
(Poucet, 1987)
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T ) (xbbke, 1973): Errar . 3 cident
abLe 8 Gbke, 1973): Error sources o general working accicents

- -

®(1)
«(2)

®(3)
*(4)

50 % - unsufficient attention

30O % - violation of safety rules (intenticral)

'S ¥ -~ viclation of safety rules (unintentioral )
? 8 - overloaging of phsiological functions

8 8% - lack of ski11)

5 & - uncontrolled reactions to svacden 'ncirgents
3 % -~ lack of communication

¢ - relevant ror nuc lear power plants

(1) = 0ue te boring ane sonotone working congitione
(3) = F18k 1nCreasing sotivation aay be oue to PORS DI Incresse of vages.
te show ofr

(3) ~ the sain task of ocperators 19 to FOACE O BUOGRN INCIdents

(€)= toa8 work ang communication 1o essential in the contre) rece

NQOLe. muitiple reasons are possible

‘airnene or cesire
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Table 8.2 maber of Mecords for Lach Personnel Catagery

Persoanel Tetales & Perecenel
il Buperviser 13
BTt Tochatesl Mdvieer |
Sesctor Operator 1"
Auriliory Operatar "
eistonance Necheantc m
16 Tochaicioe "
tagineere )
Controcter Personne) ©
Plant Managesent .
TorAL N

Tabie 8.0 musber of Becords for ek Accidont Situatios

Tetale &
Sltustion Mctdont Situatioe

Loes of Coslent Mcident (LOCA) 1}
LOCA sith Other Transiome §
Statien Slachowt i
ey of Oft-site Power (LOSP) n
Degroded Pover Conditions o0
Anticipatod Transient w/e Scren 1
Resctor Trip n
Turbine Trip "
Lose of Peadwetar H
Stean Generator Tube Bupture “
Main Steen loel. Yalve Clesure .

)

Uncloseiliod®

*Bosed oo (nformation In PRA, these sccidents covld ot

b clessified under other cotegories.

for Bach Action

Table 8.4: Maber of Racerds
e e s

Totals by Actios

Actions
Teoting H1)
Gparating "
Moniterieg T
Tnspecting (2]
Oheching "
Deciding 8
Wenaging )
Compunicoting 34
Colibrating L2
Reoponeing :::
Saiotaining 1976

TOTALS




P 33

Table 8.5 narer of Syatems

Sretene Total o Systes

A ]
Condensete 13}
Contatmment (C3) 1"
Eloctrical Diotribwtion n
Core Conling (RCCH) L33}

Snergeney Power (BPS) (13
Engineering Safety Postures (R8PS) 1
'bnum n
ire Protection (M) 3
Gastrumentation ovv Costrel (140) 10
Gemarotor n
Mesctor Coolant (BCS) (1]
Terbing 13
ko0 (0%}

Reference for tables 8,2 - 8.5; Ryan, 1985a.

Table 8.6:

"Rule of thuub" for basic
(Pope, 1986)

error quantification

Clessatication of errot type Lxpicel trror
frebebaiiny

Processss Anvolving creative thinking,

unfamilior operations, where time 10 0 = 1.0

short, high stress

Cirors of omission wvhere dependence i 0.01

On BitUatiOn cues and menory

Crrore of commission such 40 operating 0.00)

wIOng button, resding wrong diel etc.

Crrore un regulatiy performed, commonplece 0.0001

Laskse

Estracordinaty errors for which it 39 difficuit 0.00001

Lo conceive how Lhey Bight occur: stress fres,

with powerful cues.



T 8.7 (Hannaman, 1985a): Deesirable features for a HRA modol

v Include gquantification of crew success
probability as a function of time.

+ consider different types of cognitive
processing, l.e., skill, rule and knowledge

+ (dentify relationship of the model to factors
Influencing the non-success probadility, such
3
- plant design features affecting man-machine
interface
- operator training and experience levels
- operator stress
- misdiagnosis
-~ recovery
-~ gystem time window for action

+ be comparable to the highest degree possible
with existing data from plant experience,
simulator data or expert Judgement

+ be simple to implement/use

+ help generate insights and underetanding about
the potential for operators to cope with the
situations identified In PRA studies

+« be compatible with and complement current PRA
analysis techniques

+ be scrutable, verifiable and repeatable



Teble I, centinves

United State: (continued)

6. Dec. 3, 1979 Two vilves werified open at Bam, with switches
Quad City Reactors, separated by six feet, were discovered ¢)osed
IL (operational 1972) at MGM?M. It was Inferred that the
mispositionings resulted from o deliberate
act by knowledaoeable plint employee(s),

7. Feb. 1980 During an investigation of severs) unexplaines
Browns Ferry reactor trips, in which intentiona)
Reactor, AL mal feasance was suspected, 8 employees were
(operational) suspended. The wife of one later appeared at

the site asking to see the plant supervisor;
4 routine search discovered that she was
carrying & pistol and & knife.

8. Sept 10, 1980 Following a reactor trip and initiation of
salem Reactor, W) suxiliary feeowster flow, an aronymous caller
(operational 1977) warned of problems with a tank that adds

necessary chemicals to auxiliary feedwater.
The tank was discovered to be contaminated

with sodium (500ppm) and chloride (1000ppm).
Sabotage considered probable.

9. June 6, 198 A manual valve on the High Mead Safety
Beaver Yalley 1 Injection (MMS1) pumps' common suction )ine
Reactor, PA was found shut at 1 am and inmediately

icperational 1977) recpened. The valve had been verified open 8
hou  sarlier. The chain a1 d padlock that
nor. 1y secured the valve in the open
position could not be found. On the morning
of June § similar Tocks and chains were
discovered missing from 3 auxiliary feedwater
pumps' manual suction isolation valves,
although these valves were in thei= proper
positions. According to the Nuclear
Regulatory Commission (NRC) these events
constituted "a major degradation of essential
safety-related equipment designed to

miti jate the consequen.e: of a major
occurrence such as a loss oy coolant
accident.” An NRC source sa'd thet whoever
closed the valve “knew exactl) where to go
and what to do."




Table T, continued

United States (continued)

10. Aug. 18, 198)
Nine Mile Point 1
Reactor, NY
(operational 1969)

11, Dec. 1, 1981
Perry Reactor, OM
(70% complete)

12. May 14, 1982
Brunswick 2 Reactor,
N) {(operationa)
1975)

13, 1982
Salem Reactors, NJ
(operational 1977
and 1981)

14, Nov. 18, 1982
Maine Yankee
Reactor
(operations) 1972)

Two diesel generators found inoperable due to
intentional tampering. The NRC judged that
this constituted major degradation of the
on-site back-up power supply, but not a major
reduction in the protection of public
safety.

Handful of metal filings found in the SCRAM
discharge volume piping during the initial
system check-out.

During a shutdown period, 12 in-core neutron
detector tube guides were found to be bent.

A deliberate act 1s suspected. In the event
of an overpower transient or analogous
occurrence, this would have represented "a
major degradation of essential safety-related
equipment...had the condition not been
dotagtcd prior to start-up of the unit”

(NRC) .,

On May 28 a steam generator feedwater pump
tripped while the plant was operating at 100%
power. An isolation valve and a vent valve
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 intentiona) 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.

During refueling a cupful of metal chips, 2
bolts and 2 nuts were dJiscovered inside the
o011 reserveir of & lube ofl pump for the
No. 1 Reactor Coolant Pump. No debris had
been detected during an 1inspection two days
carlier
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Table I  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 Potentia) Saboteurs
(List 1s incomplete)

Canada

1. June 2, 1979 While ovher demonstrators penetrated the
Darlington Reactors modestly guarded construction site by
(under construction) tunneling under or climbing over the fence,

members of Greenpeace dramatized their
opposition to nuclear power by parachuting
onto the site.

Federa)l Republic of Gornan!

2. June 1975 As a demonstration of lax security, & German
Biblis A Reactor politician carried a Panzer-faust bazooka
(operational March past guards and detectors and presented the

1976) weapon to the plant's director.
Ita\z
3. There has been a report of a terrorist group

(Red Brigade) document urging attacks on
Italfan nuclear power plants to exploit
antinuclear sentiments.

United Kingdom

4. 1966-197% 23 threats and hoaxes received by staff.
Facilities of (Does not include threats to ruclear stations
British Nuclear run by the Central Electricity Generating
Fuels, Ltd. and U.X. brarg).
Atomic Energy
Authority

5. 1972 and ? Scot.tish natfonalists threatened on several

occasions to sabotaqe an Engiish nuclear
power station.



Table T, continued

United Kingdom (continued)

6. July 1980 20 members of the Bath Antinuclear Group
halted a train garrying radicactive waste
from Gloucester sharpness for burial at ses.
The protestors stopped the train by standing
on a ten-foot hi caffolding that they had
erected AITFoss the at dawn. 7 protestor:
arrested, and police called in heavy
machinery to clear the track.

United States

7. 1977-June 1982 During this period a total of 131 persons were
United States reported fired from their jobs at nuclear
power plant sites, or denfed future access to
the sites, owing to possession, consumption,
or sale of merijuana or other drugs. Severa)
examples:

(a) On Nov. 8, 1979 at the oporating Trojan
nuclear plant 1n Oregon, 13 persons were
arrested or fired as a result of an
investigation into alleged use and cealing of
marijuana and amphetamines. Of the 13, 8
were guards, 2 were former guards, and one
had¢ been a watchman.

(b) On Dec. 9, 1981 at the operating Surry
reactors in Yirginia, 18 security personne)
resigned or were fired for using marijuana
off-site or reporting to work under its
influence.

(¢c) On Feb. 4, 1982 at the Shearon Harris
nuclear plants under construction in North
Carolina, a quality assurance weld fnspector
was fired due to drug use. Weld defects were
found in seismic hangers that he haa
inspected.

(d) On Feb. 5, 1982 at the onerating Zion
reactors in 1111nois, a security force
supervisor and a security force training
coordinutor were suspended owing to
indications of drug and/or alcohol use both
on and off site,



Table I, continued

United States (continued)

United States

9. April 19, 1977
Fort St. Vrain
Reactor, CO
(operational 1979)

V0. Jan, 1978

3?u TRIGA Reactor,

11, July 22, 1979
Salem Reactors, NJ

(1 unit operationai;

1 under construc-
tion)

12. 1980

(e) On Feb. 11, 1982 at the operating Turkey

Point resctors in Florida, seven security
officers, three workers ana one
concessionaire were denied future access to
the site as a result of an investigation into
111egal druaq use.

During this period there were more than 360
bomb threats received at reactors (operating
or under construction).

An NRC inspector who was not recognized gained
access to the vital areas of the plar*
without a sccurity challenge.

Two NRC inspectors entered the reactor

b ‘1ding through an unlocked rear door and
proceeded through the control room into the
reactor room. The inspectors had nefther
registered with the building receptionist nor
were they badged as visitors. Their presence
was not challenged althouoh they had been
seen by at least five persons.

An exit search of a suitcase carried by a
contract employee who had been on site for
eleven and one-half hours was found to
contain a loaded .357 magnum revolver.

A communiqué was received by a rewspaper 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
Bogota, then under terrorist siege. The
announcement was fssued Jointl{ DE the
Columbian 19 April Movement, the Dominican 14
June Movement, and the Armed Forces for the
Liberation of Puerto Rico. The communiqué
satd: "You must remember, U.S. gentlemen,
that you have never experienced war in your
vitals and that you have many nuclear
reactors.”



Table I, continued

United States (continued)

13. May 1980 Ouring attempted occupation of the site, state
Seabrook Reactor, troopers, Nationa) Guardsmen and police used
NH (under con- Mace, pepper 948, clubs and water hoses to
struction) repel an estimated 1800 antinuclear
demonstrators.
14. Sept. 3, 1980 A news reporter with a camera gained
St. Lucie Reactor, unauthorized access to the nuclear plant

FL (oporational 1976) contro) roam during an emergency drill,

15. Sept. 198! The Abalone Al){ance staged a two-week long
Diablo Canyon anti-nuclear demonstration at the plant
Reactor, CA site. More than 1800 demonstrators, who were
(completed but not attempting to prevent workers from entering
yet operating) the site to load fuel 1nto the reactor, were

arrested.

16. Dec. 9, 1981 Two sccurity officers discovered sleeping at

Yonticello Reastor, their gatehouse posts, 6am.
MI (operationa) 1971)




