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I. INTRODUCTION 

I.A Need for This Project 

The need that this project addresses can be succinctly stated as 
follows: 

Thi~·~eport, prepared to assist policy-level 
dec1s1on-makers, evaluates the extent to·which 
each category of external-initiators PRA 
methodology produces reliable and useful results 
and insights, at its current state-of-the-art 
level. · 

I.B Background 

The discipline of probabilistic risk analysis (PRA) has become so 
mature in recent years that it is now being used routinely to 
assist decision-making throughout the nuclear industry. This 
includes decision-making that affects design, construction, 
operation, maintenance, and regulation. Unfortunately, not all 
sub-areas within the larger discipline of PRA are equally 
"mature", and therefore the many different types of engineering 
insights from PRA are not all equally reliable. 

In particular, the sub-discipline of external-initiator PRA 
analysis is relatively less mature and less reliable than the 
corresponding internal-initiators analysis. ·This is due predomi~ 
nantly to four causes: 

o first, external-initiator analysis began in a serious 
way only about 1980, more than a half-decade after the 
first internal-initiators analysis of WASH-1400, and 
there are fewer full-scope external-initiator PRAs 
available, especially for ex~ernal flooding and extreme 
winds --- as a consequence the methods are less mature; 

o second, large uncertainties in certain aspects of 
external-initiators analysis lead to poorer numerical 
accuracy in the "bottom-line" core-damage and risk 
results; 
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o third, compared to internal-initiator analysis the 
number of practitioners is fewer, and the number of 
full-scope PRAs that include external initiators also 
fewer, so there is less opportunity for a broader 
community to have digested and re-digested the methods, 
models, data, and results --- this is true for both the 
hazard analysis methods and the fragility-analysis 
methods: 

o fourth, problems continue to exist with some components 
of the methodologies used. These problems occur in 
analysis of every area, incl~ding analysis of earth­
quakes, internal fires, extreme winds, external floods, 
and transportation accidents. 

Up until the last couple of years, these relative weaknesses in 
external-initiator PRA made many decision-makers, in both 
industry and the NRC, reluctant to use external-initiator PRA 
results. Thlt:i was tl·ue de!5pi te. ocvoral paper.: anr.1 TPpnrt.s 
pointing out that many features of the methodology were reason­
ably mature (Ref. NRC, 1983; Budnitz, 1984: NRC, 1984; Budnitz, 
1986; Budnitz, 1987). The external-initiator analyses had 
developed a "bad reputation" in some quarters --- they were 
considered too uncertain, or too conservative, or supported by 
too little solid data to be of much use. 

Recently, however, this picture has begun to change. There are 
several signs of this change: 

o Almost all new full-scope PRAs accomplished with 
utility support in recent years have included external­
initiators as an integral part. 

o The draft of NUREG-1150 (Ref. NRC, 1987) was criticized 
for omitting external-initiators (Ref. Kastenberg, 
1988; LeSage, 1988), and to address this criticism the 
final version of NUREG-1150 includes external-initiator 
analysis of two plants. 

o Even though the IPEs (Individual Plant Evaluations) for 
external initiators will only be required at a later 
stage (Ref NRC/IPE GL, 1988), the NRC's proposed 
approach to r~sulving the "severe aooidont" i&&ue for 
e~iating plants recogniz~~ ~hAt external initiators 
must have an equal footing with internal initiators 
(Ref. NRC/SECY-88-147, 1988). 

o The NRC's evolving policy for the regulation of 
advanced designs seems to be headed toward recognizing 
that external initiators should be considered on an 
equal footing (Ref. NRC Public Meeting on Future Reac­
tors, 1988). 
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Despite this evolving change in how external-initiators PRAs are 
viewed, the fact is that all too many decision-makers continue to 
believe that external-initiator PRA results are too uncertain to 
be of much use. This opinion is prominent even among decision­
makers who have now broadly accepted the usefulness of PRA 
methods more generally --- meaning PRAs based on internal-ini­
tiator analysis. 

This project will assist decision-makers in understanding both 
the benefits and the limitations of external-initiator PRA. The 
project objective, stated next, addresses this point directly. 

I.e Objective 

The project's objective is, for each external-initiator category 
separately, to evaluate the reliability and usefulness of the 
insights available. Specifically, the evaluation addresses 
whether the results and insights emerging from current analyses 
are reliable and useful, and why --- and if not, why not. 

I.D Categories of External Initiators 

The five categories of •external initiators' examined here are 
the following: 

o earthquakes 
o internal fires 
o external floods 
o extreme winds 
o transportation accidents. 

Internal fires are probably mis-categorized as "external ini­
tiators", since unlike the other categories of initiators that 
arise outside the plant, internal fires begin w.J~hin the pl;:tnt. 
Their mis-categorization is strictly an artifact of the history 
of PRA --- specifically, the "external initiators" category seems 
to have arisen historically to describe the class of common-cause 
initiators not considered in WASH-1400, the first PRA. 

I.E The Audience for This Report 

The audience for this report is policy-level decision=IDakers in 
the nuclear induslry, the government (NRC, DOE, Congress, OMB, 
etc.), and the general public. 

Unfortunately, the limitations that continue to exist in the 
external-initiator methodologies have convinced many safety 
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decision-makers that the insights available are not reliable and 
therefore not useful. Often, these decision-makers decide to 
give little or no weight to the results obtained, even though 
externally-initiated accident sequences typically account for 10% 
to 30% of the total core-damage frequency in most recent full­
scope PRAs. A few recent items attest to this strong negative 
attitude: 

o At a recent (August, 1987) NRC-sponsored symposium in 
Annapolis on the subject of external initiators, the 
IDCOR representative stated that external-initiators 
analysis of existing plants, in the context of the IPE, 
was not necessary, or at least of sufficiently low 
priority to justify being left out of the IPEs all 
together (Ref. LLNL/Annapolis, 1987). This opinion is 
apparently shared by many in the industry, although a 
gradual shift is underway. 

o 'I'he recenL NRC IPE (Individual PJr~n't. Evaluations) 
generic letter (Ref/ NRC/IPE GL, 1988) requires 
examining only internal initiators, and states that 
external-initiator IPE evaluations will be required 
only sometime later. 

o The number of papers on external initiators at the 
recent PSA 1 89 international conference in Pittsburgh 
(Ref. PSA'89/Pittsburgh, 1989) was only about 4% of the 
total, all in only one session. 

o In the key opening session of PSA 1 87 in Zurich (Ref. 
PSA'87/Zurich, 1987), in which top regulators from all 
of the principal countries spoke, ·there was no mention 
of external initiators. In the question-and-answer 
perioa, in response to a direct question from Dr. 
Budnitz, one top regulator stated that in his opinion 
the concern for external-initiator accidents was 
overstated, and the other top regulators on the panel 
seemed to agree fUlly.* 

Recently, NRC has increased its attention to the overall issue of 
how external initiators should be regulated. The most visible 
manifestation of this is the appointment (December, 1987) of the 

* That particular regulator stated that in hi~ opinion, if 
someone walked in the back door of the lecture hall with the 
news that a core-damage accident had just occurred somewhere 
in the world, the last thing that would come to his mind 
would be that it might have been caused by an external 
initiator! If external initiators truly represent from 10% 
to 30% of core-damage frequencies at large LWRs, this 
opinion is ill-founded indeed. 
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"External Events Steering Group", whose charter includes provid­
ing an integrated approach to resolving a wide variety of current 
regulatory issues related to external initiators (Ref. NRC/EESG, 
1987). The establishment of the EESG is a major step forward for 
NRC: if a set of integrated approaches to resolving the various 
issues can be developed it will surely be a major accomplishment. 

Unfortunately, the underlying problem remains: all too many 
utility decision-makers, and all too many NRC regulatory staffers 
and other key decision-makers, still don't understand that these 
initiators can be very important, and still discount the insights 
available from PRA-type analysis. 

I.F Technical Approach of this Study 

It is important to note that this paper is not intended to be an 
in-depth technical review of the subject matter, but rather an 
in-depth evaluation of the reliability and usefulness of the 
results and insights from external-initiator PRA. 

The technical approach builds on recent work accomplished under 
NRC support at Lawrence Livermore National Laboratory. LLNL 
Report NUREG/CR-5042, by C.Y. Kimura, R.J. Budnitz, and P.G. 
Prassinos (Ref. Kimura et al., 1987), provided a brief examina­
tion of each of the important external initiator categories from 
the perspective of their risk significance and what has been 
learned about them from various PRAs. The initiator categories 
covered in NUREG/CR-5042 are the same five that are evaluated in 
this project: earthquakes, internal fires, external flooding, 
extreme winds, and transportation accidents. This LLNL work 
provides the basis for the current project, along with Sandia's 
recently completed "Fire Risk Scoping study" (Ref. Sandia/Fire 
Risk scoping Study, 1988). 

The technical approach here is to perform a more in-depth 
evaluation of what is known about external initiators. Each 
initiator is examined separately. The thrust is to identify and 
deccribe the prin~ipal aspects of the current state-of-the-art 
PRA methodology, what aspects are more robust and therefore 
provide the most reliable insights, what aspects are l~ss robust 
and therefore provide less reliable insights, and why. 

The product of the study is intended to be an evaluation of the 
PRA methodology for each external-initiator category. The 
evaluation concentrates on the sub-methodologies for each 
initiator (for example, for earthquakes these would be the hazard 
methodology, the response methodology, and the systems methodo­
logy), and on how these sub-methodologies are combined together 
to provide overall PRA results and insights. 

Although· the various sub-methodologies are all being used today 
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to perform PRA analyses, the evaluation reveals important 
limitations in aspects of many of them. Some of those limita­
tions can be reduced or eliminated through performing trial 
analyses and sensitivity studies to gain further understanding. 
In other cases, reducing the limitations will require physical 
experimentation, extensive data-gathering, the building and 
testing of a complex computer-based phenomenological model, and 
so on. 

I.G Definition of Terms 

The terms "reliability", "usefulness", and "uncertainty" are used 
often in this report. These are all different, as follows: 

The reliability of a VHA result u~scribes how robu&t it i~ in the 
face ot methudological ilpproximations ;;tnd incomplete underlying 
data. The concept is that a decision-maker can "rely" on the · 
validlLy of the ~coult it it is rnln.ist despite tho shortcoming~. 

The usefulness of a PRA result describes how much use a safety 
decision-maker can make of it. In plain English, some results 
are simply more useful than others. Thus, it might be only 
moderately useful to identify a particular vulnerability per se, 
but much more useful to identify an easy remedy within the PRA 
analysis --- for example, a remedy involving a minor procedural 
change that, through PRA methods, can be shown to reduce one 
component of the core-damage frequency by several orders of 
magnitude. In this sense, intermediate PRA results (such as the 
results of an extreme-wind hazard analysis) tend to be less 
useful than final or bottom-line results, or of identified 
vulnerabilities in components or system configurations. 

The uncertainty in a PRA result usually describes the numerical 
uncertainty in the result, but it could also describe a modeling 
uncertainty (such as an "either-or" uncertainty about whether a 
phenomenon actually occurs) or an applicability uncertainty (such 
as whether the underlying data used actually apply to the case 
being studied). One example of applicability uncertainty would 
be the common situation that no site-specific data for extreme 
flooding may exist, and the applicability of similar data at a 
different site may be suspect. 
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II. INTERNAL FIRES 

JI.A Summarv Evaluation 

Beuuse nuclear power plant PRAs have often identified accident 
sequences initiated by Internal fires as among the important 
contributors to core-damage frequency, the analysis of fires cannot 
be neglected as a part of external-initiators PRA. Fortunately, the 
PRA analysis can be accomplished in stages, beginning with a 
screening stage to reduce the scope to a few critical locations for 
which a full-scope analysis Is required. 

This summary will provide an overview evaluation of the reliability 
and usefulness of the PRA methodoloey for studying internal fires. 
The main text below will support its summary statements. 

1l How reliable and useful Is the methodology for ldentlfving and 
screening potential fire locations? 

This initial identification and screening methodology can be com­
petently accomplished using guidance that Is routinely available In 
the fire PRA literature. Generally, uncertainties arising from this 
aspect are not a major contributor to overall uncertainty in the 
analysis. This Is especially true insofar as this step tends to be 
accomplished using conservative screening criteria. 

2> How reliable and useful Is the methodolon for analyzing the 
freauency of fire initiation In each fire location? 

The existing nuclear-plant fire data base provides a good starting 
point for the determination of these fire-Initiation frequencies. 
Because of the nature of the data base, the analyst must adapt or 
modify it for each specific configuration. There are dltferent 
approaches to deal with this aspect. Often, considerable exper.t 
judgment is Involved. 

Even though expert judgment Is an Important element, this aspect 
of the fire PRA methodology Is now mature, nrlatlons of it having 
been used In over two dozen lndhldual analyses. Of course, 
numerical uncertainties continue to exist, and these can amount to 
factors of, say, plus-or-minus three or sometimes more for an 
lndhidual lnltlatloD frequency. Nevertheless, when the uncertain­
ties are accounted for properly, the rellablllty and usehlne$5 of the 
results of this sub-methodology are high. 
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3) How reliable and useful is the methodology for analyzing fire 
growth and spread and barrier adequacy? 

Fire growth calculations: The analytical capabilities used in modern 
PRAs are limited to only a few configurations. In almost all fire 
PRAs to date, the COMPBRN code has been used. The original 
code has been modified twice, the most recent version being 
COMPBRN III. The code was developed to calculate scenarios 
involving an oil fire beneath cable trays. The objective is to 
predict the time elapsed before the fire will damage or ignite the 
cabling or other critical equipment. The COMPBRN algorithms were 
selected originally for simplicity of use, and they employ approxi­
mations that are known to be adequate in only some configurations. 

Several technical issues are still not analyzed as well as is needed, 
however. Sandia's recent Fire Risk Scoplng Study discusses these 
thoroughly. Even though COMPBRN seems to have several limita­
tions, the code has been of major benefit to analysts in under­
shrJ(Iing fir~ growth as a hwctiQJl Qf time for several crucial 
configurations (in particular for cabling). Although new and better 
codes are definitely needed to address some of the issues not well 
covered, it Is fai.r to conclude that the available COMPBRN code 
can provide reasonable quantitative results on the time for fire 
growth, spread, and damage in a number of key analysis situations, 
provided uncertainties (often large) are accounted for and the 
results not taken too literally. 

Barrier adequacy; The usual assumption made in PRA analysis is 
that fire barriers with a specific code rating (such as a 3-hour 
barrier) will live up to their time rating fully. The Sandia Fire 
Risk Scoping Study discusses some test evidence to the contrary 
h\lt the situation is inconclusive, so the report recommends research 
to investh~ate this issue. This issue is still open. Significant 
barrier failure probability would have a major impact on calculated 
core-damage frequencies. The probability of barrier failure needs 
to be kept down in the 1% range or lower for the core-damage 
frequency to be acceptably small from this issue. 

H is concluded that at present the assumption of full barrier 
adequacy is in partial doubt, although most barriers are undoubtedly 
adequate for the'ir ratings. Concerning the PRA methodology, we 
conclude that it is fully capable of dealing with an assumed non­
zero barrier failure probability. 

4) How reliable and useful is the methodology for analyzing the 
effectiveness of fire detection and suppression? 

Three individual issues will be evaluated separately here: 

Detection and Alarm: Analysts often utilize the judgment of an 
experienced fire engineer to quantify the distribution of detection 
and alarm times for each specific scenario; the judgments, in turn, 
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are based on a data base for both automatic and human detection 
capabilities. As a rule, the time distribution for detection Is known 
quite well for spaces equipped with automatic detectors, while the 
distribution Is broader (known less well) for human detection enep.t 
for continuously occupied rooms such as the malo control room. 
Although the process Is usually beully judgmental, the analysis 
Itself can be quite reliable. 

Automatic Sunpresslon; The data base supporting this part of the 
analysis Is excellent, and an experienced analyst's results for this 
aspect should be nry reliable. 

Manual Suppression; Manual suppression can be either by an 
individual who is already occupying the room of fire origin, or by a 
fire brigade (formal or informal) responding to an alarm. There are 
sneral time durations Involved, to be assessed Individually and 
added up; the time from the alarm to the arrival of personnel In 
the room of fire origin, followed by the time duration to find the 
fire, the time duration to apply fire-suppression agents, and finally 
the time duration until the fire Is controlled or extinguished. In a 
full-scope analysis each time duration Is represented by a distribu­
tion. Some PRAs have used a fault tree to work out the failure of 
manual suppression. 

In general the time durations can each be determined reasonably 
well. However, the distribution of the overall assessed duration 
from alarm to suppression can be quite broad because It Is a 
convolution of several intermediate durations taken together. 

5) How reliable and useful Is the methodology for assessing 
comRonent fragility and the probability of "failure"? 

The definition of "failure" differs from component to component. 
Usually, this definition Is embedded In the fire-growth-and-spread 
code. 

For cabling, separate temperature thresholds for Insulation burning 
and damage are usually used, although t·hey are not known very 
well. For smaller fires or fires at some distance from the cabling, 
the sensitivity can be great. A time-at-temperature model for 
cable damage would In principle be an Improvement, but bas .not 
often been used, In part because the added precision Is thought not 
to be worth the extra effort In light of other unknowns In the 
analysis. For electrical cabinets, the entirely reasonable :assumption 
Is u~ually made that a cabinet fire will destroy all equipment within 
lt unless promptly extinguished. 

A few Issues are aut well enough understood, and therefore not 
well enough treated, In current fire PRAs. Among these are 
Indirect or secondary effects such as the effects of smoke, low­
level thermal exposures, and Interactions among smoke, corrosive 
gases, water, and steam. 
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In general, and despite the abon, the methodological problems with 
assessing component fragility and the probability of component 
"failure" are generally within the capability of fire analysts. 

6) How reliable and pseful Is the methodology for ldentlhlng fire 
Initiating events ? 

The basic task here Is to Identify how each postulated fire can 
cause an "Initiating event" (using the 1tandard PRA definition of 
that term). The effort lnYolves coupling the fire analysis with 
neat trees similar to those used In the traditional PRA systems 
analysis .. Generally, this part of the analysis Is straightforward and 
quite reliable. 

Cnndudnns about two otber Issues will be summarized here: 

o Seismic-Initiated fires: This issue is tO\'ered In more d~h•ll lu 
the section on seismic-Initiated acc:ldent analysis. A summary 
of the findlng hi the otber sec:tlon l~t that wctliuds to Identify 
seismic-Initiated fires do exist and should be reasonably 
robust. This type of analysis bas not been attempted In any 
full-scope PRA, but it seems to be a straightforward extension 
of existing methodologies and should not be difficult to ac­
complish. 

o Accidents arising from Inadvertent actuation of fire suppres­
sion equipment: This Issue bas never been studied In detail, 
and there is no existing methodology, so It is not known 
whether its c:o.,trihutinns to overall pla .. t risk are minor, or 
major, or In-between. Presumably, an analysis would require 
data on bow suppression agents (water, nrious gases) affect 
eqt~ipment, e"pec:lally electrical eca"lpment. 

7) How reliable aud uuful is the PRA nstcms"anahsirt mflhodolon 
for fires? 

The objecthe of the systems-analysis metbodolon Is to calculate, 
for nrlous scenarios, the probability of core damage. The fire 
systems-analysis methodology Is, In Its bash: outline, a nrlant of 
the type of srstems analysis that Is now a well-denloped, mature 
PRA discipline. Whiie certain Issues must be speclilly treated, 
Including espec:lally the Issue of control-systems Interactions, nety 
aspect of the methodology Is fully within the routine eapablllty of 
PKA analyau. Therefore, we coodude that any eomJident PRA 
systems analyst can perform this work, wltb little spec:lal training 
and only the minimal guidance that Is readily anilable and easily 
learned. 

The Issue of control-system Interactions loYohes the possibility 
that a fire might damage control systems, Including possibly a fire 
In a slagle electrical cabinet, and thereby prennt control of safe-
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shutdown equipment from both tbe malo control room and the 
remote shutdown panel. While tbe basic systems-analysis metbodo­
lon for performin& such a calculation exists,· no tborouab analysis 
bas been done and tbe potential slenlflcance of tbls Issue remains 
unclear. 

8) How reliable and useful Is the methodology for analvzlna plant 
resnonse and offsite releases and consequences for fires? 

Tbe metbodoloay Is, In Its basic outline, Identical to tbe type of 
Ievel-l and level-3 analysis that Is now a well-developed, mature 
PRA discipline. Tbe methods and data used are similar or Identical. 
We conclude tbat any competent PRA level-2/level-3 analysis team 
can perform this work, witb no special training. Given a postu­
lated core-damage accident, tbe conditional probability of radio­
active releases can be reliably determined and the consequences 
calculated. 

9) How reliable and useful are "bottom~line numbers" for ,ore­
damage frequency and offsite risk. and the key risk insights? 

The numerical uncertainties in tbe bottom-line results can be large 
(plus-or-minus an order of magnitude or more would not be un­
common). Tbis is due to several factors In tbe various sub­
methodologies, and the sources of· uncertainty will differ from one 
plant to another. Despite the numerically large uncertainties, these 
uncertainties should generally not Invalidate the key insights 
concerning potential fire-related vulnerabilities. These insights 
involve the identification of specific locations where fire initiation 
is likely, specific equipment tbat is susceptible to damage, fire 
barriers whose effectiveness needs reevaluation, fire-brigade 
training and access Improvements, automatic or manual suppression 
capabilities, and so on. 

One of tbe major lessons from fire PRAs is tbat an integrated 
examination of the plant, by a team Including both fire engineers 
and systems engineers, can be uf major benefit In Identifying 
Issues that neither type of expert could find alone. Another 
major benefit Is that an Integrated examination of fire In the 
context of the rest of the plant's safety functions and sxstems is 
crucial --- and PRA analysis can accomplish this Integrated 
examination very well. 
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II.B Introduction 

Small internal fires are a common occurrence at nuclear power 
stations: several occur each year, and it is widely recognized 
that there is always the potential for a minor fire to grow, 
spread, and damage crucial safety equipment. Fortunately, up to 
now the design and operational practices have been sufficient to 
keep the potential from becoming a reality. Also, significant 
research work has occurred in recent years, so that today there 
is a widely-used methodology for probabilistically analyzing 
potential fire-initiated accident sequences at nuclear.power 
plants. 

As discussed in the introductory chapter, this paper is not 
intended to be an in-depth technical review of the subject 
matter; hut rather an in-depth evaluation of the reliability and 
usefulness of the results and insighls from theca analy~es. 

The technical approach here, which builds on recent work accom­
plished under NRC support at Lawrence Livermore National Labora­
tory (Ref. Kimura & Budnitz, 1987), is to perform a more in­
depth evaluation. The thrust is to identify and describe the 
principal aspects of the current state-of-the-art PRA methodo­
logy, what aspects are more robust and therefore provide the most 
reliable insights, what aspects are less robust and therefore 
provide less reliable insights, and why. 

This study will concentrate on the sub-methodologies and on how 
these sub-methodologies are combined together to provide overall 
PRA results and insights. There is a significant amount of 
guidance in the literature on the methods for performing fire 
PRAs, which can be refeL·red to for more dP.r.nils (Ref. Fleming, 
1979; Gallucci, 1YHU; Ka~arians & ~po•tol~kis, 1981; NRC, 1983; 
Brookhaven, 1985; Knzarians, Si11, & Apostolakis, 1985; Bohn & 
Lambright, 1988; Sandia, 1988). 

II.C Description of the Methodology 

The overall methodology for probaullistic evaluation of inte~nal 
fires consists of eight sub-methodologies, which are combined 
together. (Of course, the uivision into theRP. eiqht sub-methodo­
logies is quite arbitrary. Some analysts use a different 
division.) The eight sub-methodologies to be discussed here are: 

o the methodology for identifying and screening potential 
fire locations 

o the methodology for analyzing the frequency of tire 
initiation in each fire location 
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o the methodology for analyzing fire growth and spread, 
including barrier adequacy 

o the methodology for analyzing the effectiveness of 
detection and suppression 

o the methodology for assessing component fragility and 
the probability of component "failure" 

o the methodology for identifying fire initiating events 

o the PRA systems-analysis methodology 

o the PRA methodology for analyzing plant response and 
offsite releases and consequences .. 

No fire at any nuclear power plant has been sufficiently damaging 
to cause a core-damage accident, although the Browns Ferry fire 
in 1975 was a very serious event, possibly a "near miss" depend­
ing on how one defines that term. Even including the event at 
Browns Ferry, the experience with fire-initiated accidents taken 
as a whole is not sufficient to provide information for the 
analysis discussed here. The frequency of fire-initiated core 
damage can only be determined from calculations using data and 
tests coupled with models of what might occur in extremely 
unlikely situations. 

II.D Evaluation of the Various Sub-Methodologies 

In the next sub-sections, we will discuss and evaluate each of 
the eight sub-methodologies in turn. 

II.D.l Evaluation of the methodology for identifying and 
screening potential fire locations 

Description of the Methodology: The purpose of this initial step 
is to develop an inclusive list of all the fire locations in the 
plant, and then to screen out those for which the potential for a 
fire to cause a core-damage event is considered minor. Usually, 
this step begins with the fire areas and fire zones delineated in 
the plant's safety analysis report, but often these zones and 
areas must be modified and/or subdivided, since fire zone 
boundaries in the SAR may not be suited for this analysis. In 
practice, this sub-methodology begins with paper screening, uses 
a plant walkdown to gather information, and ends with a list of 
locations carried forward for further analysis. 

There are eight type~ of areas normally considered in this type 
of analysis: the control room, cable spreading rooms, diesel­
generator rooms, the reactor building, the turbine building, the 
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auxiliary building, electrical switchgear rooms, and battery 
rooms. Of course, some plants do not have separate buildings or 
rooms that fit each of these categories. 

The identification and screening work usually employs a screening 
criterion that narrows the emphasis to locations where multiple 
equipment could be compromised by a single fire, in particular 
several trains of redundant equipment. Usually, all equipment 
related to electrical distribution and power conversion are 
included, since these support functions are so important. A key 
aspect of this initial step is examination of cable routing for 
control, instrumentation, and power cables. Sometimes this can 
be very time consuming, especially for support-system cabling. 

Because of the possible adverse effects of suppression systems, 
such ns water damag~, in the initial screening step these adverse 
effects are assumed as given. In the later systems analysis, it 
is necessary to examine each specific item of equipment in the 
affected room for this issue. 

For each location not screened out, it is necessary to identify 
one or more fire scenarios to be carried forward for further 
analysis. The scenarios involve specific equipment possibly 
threatened, and including adjacent locations to which the fire 
might spread. Because further analysis will be done, this aspect 
of the fire methodology tends to be conservative and inclusive in 
its screening. 

Evaluation of the Methodology: This identification ann screening 
methodology can be competently accomplished using guidance that 
is routinely available in the fire PRA literature. Today, 
automated screening methods are available, using computer coding 
hy location. to identify rapidly and easily the co-location of 
various equipment items by zone. 

The key element in this work is the plant walkdown, which is one 
of the most important parts of the entire fire-PRA analysis. The 
walkdown provides specific information about configuration 
details, spatial relationships, fire-spreading openings and 
passageways, barriers, the transient-fuel situation, and so on. 
The walkdown also identifies those few situations where zone-to­
zone barriers need to be given special attention by the analyst. 
SOmQtimes, the walkdown reveals that the original delineation 
into zones and areas is not appropriate for the sub6equQnt 
analysis, so these must be modified. 

Generally, this methodology is reliable, and uncertainties 
arising from it are not a major contributor to overall uncertain­
ty in the analysis. This is especially true insofar as this step 
is accomplished using conservative screening criteria. 
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II.D.2 Evaluation of the methodology for analyzing the 
frequency of fire initiation in each fire location 

Description of the Methodology: The objective of this aspect is 
to determine the frequency per year of fires for each important 
fire location carried forward from the initial identifica­
tion/screening step. The data base used as a starting point is 
usually taken from actual fires in nuclear power plants, and 
today there are several data compilations available (Ref. 
Kazarians & Apostolakis, 1982; Dungan & Lorenz, 1983; Wheelis, 
1986). The principal fire types are in cabling, in electrical 
cabinets, in lubricating oil within equipment, welding fires, and 
fires from transient fuels such as trash and cleaning compounds. 

Of course, there are different ways to compile and display this 
data base, but this isn't the central difficulty, which is that 
the data base taken as a whole is often not directly applicable 
to a specific fire location being studied, even when scaled by 
floor area, which is one common approach to plant-specific 
adaptation. As an example, while the data base contains several 
fires in or near, say, turbine-generators, the layout of the 
individual turbine-generator at a given plant may not be repre­
sented well. Another example is control room fires, which the 
data base shows occur almost exclusively in electrical cabinets, 
so that the floor area of a control room is not the correct 
variable. 

Based on the above, we see that the analyst must adapt or modify 
the numerical initiation frequency taken from the data base for 
the specific configuration. Different approaches exist to deal 
with this aspect. Bayesian updating of the generic data base 
with plant-specific information can be useful in some applica­
tions (Ref. Iman & Hora, 1989). Sometimes, area-ratio methods 
are used for this partitioning, but often these must be adapted 
further, based partly on information gathered in the walkdown 
such as local fuel loading, whether the specific site is con­
trolled for fires, and how often it is occupied. If stringent 
administrative controls are in place --- for example, limiting 
acetonP. to 1/2.,..liter quantities in spill-proof safety cans, with 
sign-in and sign-out procedures --- this should be accounted for. 

Inevitably, uncertainties arise in the numerical values used, and 
these will propagate through to uncertainties in the bottom-line 
results of the full analysis. Often, considerable expert 
judgment is involved, which requires review by others to assure 
its validity. 

~Y?luationof the Methodology: The existing data base provides 
a good starting point for the determination of fire-initiation 
frequencies. The adaptation of that data base to each individual 
configuration involves using an analytical approach, plus expert 
judgment, to account for individual location-specific issues. 
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This aspect of the fire PRA methodology is now mature, variations 
of it having been used in over two dozen individual analyses. Of 
course, numerical uncertainties continue to exist, and these can 
amount to factors of, say, plus-or-minus three or sometimes more 
for an individual initiation frequency. Nevertheless, when the 
uncertainties are accounted for properly, the reliability and 
usefulness of the results of this sub-methodology are high. 

II.D.J Evaluation of the methodology for analyzing fire 
growth and spread and barrier adequacy 

Two different aspects (analysis of fire growth-and-spread and 
barrier adequacy) will be discussed separately in the paragraphs 
below. 

fire growth calculations: In principal, it is feasible to 
calculate (at least approximately) the phenomena accompanying the 
growth of any fire. In practice, the analytical capabilities 
used in modern PRAs are limited to only a few configurations. 

Typically, the analyst may postulate only a very small number of 
types of fires --- sometimes only two, such as a one-gallon and a 
ten-gallon oil fire on the floor of a compartment --- as sur­
rogates for all fires. Also, because fires that damage electri­
cal and control cabling are usually found to be the most serious 
type, the code-development effort has concentrated on modeling 
how cable fires ignite, burn, spread, and cause damage. 

In almost all fire PRAs to date, the COMPBRN code (Ref. COMPBRN, 
1983) has been used. The original code has been modified t:w:ice, 
and the most recent verslu11, which removoc many of th~ conser­
vatisms ~nd corrects some of the known errors in the earlier 
versions, is called COMPBRN III (Ref. COMPBRN lli, 1985). The 
code was developed to calculate scenarios involving an oil fire 
beneath cable trays. It uses a zone model with three zones: the 
flame and plume, a hot gas layer, and the ambient surroundings. 
Models predict the growth of the fire and the thermal environment 
at various locations around the fire as a function of time. 

The objective is to predict the time elapsed before the fire will 
damage or ignite the cabling (or other critical equipment which 
can also be modeled). The COMPBRN algorithms were selected 
originally for simplicity of use, and- they employ approximatlufH:> 
that are known to be adequate in only some configurations. 
Furthermore, the original models used were purposely conservative 
in some ways, although recent versions have attempted to improve 
the code by removing some of these conservatisms. 

Because fire PRAs have used COMPBRN or its derivatives almost 
exclusively, we will concentrate here on that code. However, a 
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detailed discussion of COMPBRN --- indeed, of any fire-growth 
code --- will not be attempted here, since the recent widely­
available critique by Sandia has done a thorough job in this 
regard (Ref. Sandia, 1988). Instead, a summary evaluation of the 
state of fire-growth code capability will be offered, as follows: 

While COMPBRN seems to have limitations in a number of aspects, 
the code has been of major benefit to analysts in understanding 
fire growth as a function of time for several crucial configura­
tions (in particular for cabling). If exercised carefully, 
COMPBRN can provide many insights into fire growth phenomena, 
such as how sensitive the growth time i~ to various assumptions 
concerning pilot-fire fuel amount, location, and area extent: 
assumed damage threshold models for cabling or other equipment: 
the role of hot gas layers in spreading heat within a zone or 
between connected zones: the sensitivity of the results to fire 
locations adjacent to walls or ceilings: the spread of fires or 
hot gases down passageways and ducting; and the like. 

COMPBRN is a very valuable piece of the overall fire-PRA methodo­
logy, despite its limitations. New and better codes are defi­
nitely needed to address some of the issues not well covered. 
However, it is fair to conclude that the available COMPBRN code 
can provide reasonable quantitative results on the time for fire 
growth, spread, and damage in a number of key analysis situa­
tions, provided uncertainties Coften large) are accounted for and 
the results not taken too literally. To put this point another 
way, while the code does have·limitations, these need not 
invalidate the insights obtained, in the hands of a competent 
analyst aware of the code's limitations. 

Several technical issues are still not analyzed as well as is 
needed, however: Sandia's report discusses these thoroughly. 
Examples include whether cable ignition and damage depend not 
only on a temperature threshold but also on a parameter related 
to critical heat flux or critical energy flux: the mass burning 
rate correlation: and how flame height is treated. 

Barrier adequacy: The usual assumption made in PRA analysis is 
that fire barriers with a specific code rating (such as a 3-hour 
barrier) will live up to their time rating fully. This seems to 
be a reasonable assumption on its face, assuming that the barrier 
is intact at the time of the fire. (If not --- if, for example, 
a fire door is left open or a fire damper fails with a certain 
non-zero probability --- the assumption is invalid. The PRA 
methodology can treat this case properly by aRsuming that the two 
separat~d compartments are linked, and this case can be treated 
properly in fire PRAs.) 

In Sandia's Fire Risk Scoping Study (Ref. Sandia, 1988), the 
issue of barrier adequacy is addressed in some detail. It is 
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pointed out that the US fire-code test for barriers is usually 
performed with equal pressures on both sides of the barrier, or 
sometimes with a slight negative pressure on the fire side of the 
barrier, to aid in exhausting the combustion gases during the 
test. However, during actual fires the heat in a small compart­
ment can build up to produce a slight positive pressure on the 
fire side. Whether the barriers used in nuclear plants will all 
remain fully adequate in this situation is not known. The Sandia 
report discusses some test evidence to the contrary but the 
situation is inconclusive, so the report recommends research to 
investigate this issue. The most likely area of concern cited by 
Sandia is wall penetration seal systems for cables, which can 
exhibit cracking. 

This issue is still open. Sandia's report points out that if 
barrier failure occurs with 10% probability this would have a 
major impact on calculated core-damage frequencies, because all 
too often the failure would compromise two redundant trains in 
adjacent zonas that mu$t be separated to assure an effective 
safe-shutdown capability. The probability of barrier failure 
needs to be kept down in the 1% range or lower for the core­
damage frequency to be acceptably small from this issue. 

Based on this discussion, we conclude that at present the 
assumption of full barrier adequacy is in partial doubt, although 
most barriers are undoubtedly adequate for their ratings. 
Concerning the PRA methodology, we conclude that it is fully 
capable of dealing with an assumed non-zero barrier failure 
probability. 

II.D.4 Evaluation of the methodology for ~nalyzing the 
effectiveness of detection and suppression · 

It is useful to think about detection and suppression as pro­
cesses that compete with fire growth and spread, in a race over 
short time periods after the fire starts. If suppression wins, 
the fire is put out without causing damage. If growth and spread 
win a.nd suppression loses the race, the fire will lead to damage. 

There are several individual issues here, which must be discussed 
and evaluated separately: 

D~~eotion ann Alarm-~ For a given fire scenario, fire detection 
and alarm can be automatic (if detector~ exist and operate), or 
local (by plant personnel directly observing the fire), or remote 
(using secondary indications such as off-normal indications on 
instruments). in PRAs, all three detection methods are analyzed 
as stochastic phenomena characterized by a probabilistic time 
distribution. Analysts often utilize the judgment of an ex­
perienced fire engineer to quantify the distribution of detection 
and alarm times for each specific scenario; the judgments, in 
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turn, are based on a data base for both automatic and human 
detection capabilities. For local human detection, the fraction 
of time that an area is occupied must be estimated. For remote 
detection, the analysis must usually rely heavily on judgment. 
As a rule, the time distribution for detection is known quite 
well for spaces equipped with automatic detectors, while the 
distribution is broader (known less well) for human detection 
except for continuously occupied rooms such as the main control 
room. 

Because the analyst's knowledge of the various detection and 
alarm times is represented by several distributions, the times 
are treated probabilistically as weighted random variables. 
Mathematical methods exist for combining properly the various 
time distributions (Ref. Apostolakis, Arueti, Kazarians, and siu, 
1989). Developing the distributions is often done by starting 
with generic information and modifying it based on specific local 
issues. 

Although the process of estimating detection and alarm times is 
usually heavily judgmental, the analysis itself can be quite 
reliable if care is taken and if the judgments are reviewed by 
other experts. 

Automatic Suppression: Given activation of an automatic suppres­
sion system, the analyst must work out how quickly the fire will 
be suppressed. Considerations include the distance from the 
automatic system to the fire, the size and configuration of the 
room, the fire's character, and so on. Usually, the time from 
detection to automatic suppression will be very short, unless the 
automatic system fails to function on demand (a probability that 
must be worked out by the PRA systems analyst). The data base 
supporting this part of the analysis is excellent, and an 
experienced analyst's results for this aspect should be very 
reliable. 

Manual Suppression: Manual suppression can be either by an 
individual who is already occupying the room of fire origin, or 
by a fire brigade (formal or informal) responding to an alarm. 
Because fire brigades differ significantly from one to the next 
power station (Ref. Sandia, 1988), it is necessary to perform a 
site-specific analysis. This will include consideration of the 
probability that the crew will be forced to abandon the main 
control room because of intense heat or smoke. In some recent 
PRAs this has been assumed to occur due to heat and smoke once in 
about every ten control-room fires that are not automatically 
suppressed (Ref. Sandia/1150 Ext. Events [draft], 1989; N-Reactor 
PRA [draft], 1989). 

There are several time durations invol~ed, to be assessed 
individually and added up. The first time duration is the time 
from alarm to the arrival of personnel in the room of fire 
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or1g1n, followed by the time duration to find the fire, the time 
duration to apply fire-suppression agents, and finally the time 
duration until the fire is controlled or extinguished. 

All of these time durations need to be determined, and in a full­
scope analysis each is represented by a distribution. The set of 
time distributions is added up by a mathematical convolution, 
yielding the final r~sult, the time duration from alarm to 
suppression (represented by a distribution). 

The analysis of time duration from the alarm to the arrival of 
the fire brigade can be done quite well in most cases: the 
analyst must meet with the on-site fire-brigade and control-room 
personnel to learn how the specific alarm and response system 
operates. Finding the fire can be a problem if smoke and heat 
are dense, and especially if the fire brigade is constrained not 
to inundate the whole space because important safety equipment 
might be inadvertently damaged --- hence the time duration to 
find the fire can be difficult to assess. However, in general 
the time durations for finding the fire, applying the suppression 
agents, and controlling the fire can each be determined reason­
ably well. 

Some PRAs have used a fault tree to work out the failure of 
manual suppression, to account systematically for the several 
factors, including failure of detectors and alarms, failure of 
personnel to suppress the fire with manual carbon-dioxide 
extinguishers or local water, and so on. This fault tree can 
provide an overall probability of complete failure to suppress 
the fire. Of course, complete failure is equivalent to the "time 
for suppression" being very long, and if for a given scenario 
this time duration is known to be much longer than the time it 
takes for the fire to grow, spread, and cause damage, the fault 
tree isn't worth developing. 

Assuming successful execution of all suppression steps, the 
results of the analysis, in the form of distributions of time 
durations, should be reliable. However, the distribution of the 
overall assessed duration from alarm to suppression can be quite 
broad (meaning that our knowledge of it is sometimes not very 
precise) because it is a convolution of several intermediate 
durations taken together. 

II.D.S Evaluation of the methodology for assessing component 
fragility and the probability of component "failure" 

Description of the Methodology: The definition of "failure" 
differs from component to component. Usually, this definition is 
embedded in the fire-growth-and-spread code, in the sense that a 
critical temperature or time-at-temperature relation is incor­
porated as the code works out the time elapsed for the fire to 
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grow to a defined "size". 

For cabling, insulation and damage thresholds are usually used, 
although they are not known very well. For large cable fires, 
the thresholds are nnt as critical as for smaller fires, because 
the fire grows so rapidly that the time-to-threshold analysis is 
insensitive. For smaller fires or fires at some distance from 
the cabling, the sensitivity can be great: indeed for some cases 
the differences can be between a pilot fire that never ignites 
the cabling to one that ignites only after a very long time to 
one that ignites rather quickly. 

A time-at-temperature model for cable damage would in principle 
be an improvement over a simple temperature-threshold model, but 
has not often been used, in part because the added precision is 
thought not to be worth the extra effort in light of other 
unknowns in the analysis, such as just how much pilot-fire fuel 
will exist, where the pilot fire is located, the combustion 
efficiency, the surface burning rate, and so on. 

For electrical cabinets, the entirely reasonable assumption is 
usually made that a cabinet fire will destroy all equipment 
within it. Fire damage to such cabinets is usually considered to 
occur shortly after a fire begins, unless promptly extinguished 
by personnel immediately available. The methodology issue with 
cabinet fires is in a major way the problem of working out the 
likelihood that the fire will spread to involve more than one 
cabinet before it can be suppressed. 

There are a few issues that are not well enough understood, and 
therefore not well enough treated, in current fire PRAs. Among 
these are indirect or secondary effects such as the effects of 
smoke, low-level thermal exposures, and interactions among smoke, 
corrosive gases, water, and steam. It is widely held that the 
principal effects of smoke will be on electronic circuits or 
electrical items containing exposed conductors such as motors. 
However, detailed effects are poorly understood. Insofar as any 
of these issues might significantly affect a given fire scenario, 
the current analysis methodology is to that extent inadequate. 

In general, and despite the above, the methodological problems 
with assessing component fragility and the probability of 
component "failure" are generally within the capability of fire 
analysts, even though uncertainties continue to be significant 
for some types of fires, such as the smaller fires with slower 
growth times or the larger fires whose damage potential is partly 
from spreading hot gas layers and smoke. 
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II.D.6 Evaluating the methodology for identifying fire 
initiating events for the systems analysis 

pescription of the Methodology: The basic task here is to 
identify how each postulated fire can cause an "initiating event" 
(using the standard PRA definition of that term) with the 
potential for evolving into a core-damage accident sequence of 
concern. The effort involves coupling the fire analysis with 
event trees similar to those used in the traditional PRA systems 
analysis. The "initiating event" is typically a signal, either 
automatic or manual, that triggers a reactor scram due to one or 
another off-normal condition initiated by the fire. 

Evaluation of the Methodology: Generally, this part of the 
analysis is straightforward, although in all fairness it inevi­
tably involves certain assumptions about how the specific 
operator response (or automatic response) will evolve. Although 
these assumptions are uncertain in detail --- therefore, they can 
lead to uncertainties in the "bottom-linen core-damage-frequency 
results --- the overall impact of these uncertainties is usually 
not a key issue in fire PRA analysis, and this aspect of the 
methodology is generally quite reliable. 

There are two issues only peripherally related to initiating­
event identification that will be discussed here. They are 
placed here in part because it isn't clear just where else they 
might fit in this overall discussion about fire-initiated acci­
dents: 

o Seismic-initiated fires: There is a reasonable likelihood 
that very large earthquakes might initiate a fire that, 
combined with earthquake-caused damage, could compromise 
plant safety. This iGouc ie covered in more detail in the 
section on seismic-initiated accident analysis. A summary 
of the finding in the other section is that methods to 
identify seismic-initiated fires do exist and should be 
reasonably robust. It would be necessary to combine the 
methods used in seismic-failure analysis with the methods 
for fire analysis to obtain an overall analysis ot this type 
of event. This has not been attempted in any full-scope 
PRA, but the analysis seems to be a straightforward exten­
sion of existing methodologies and should not be difficult 
to accomplish. 

o Accidents arising from inadvertent actuation of fire 
suppression equipment: If fire suppression equipment were 
to be actuated in the absence of a fire, this could damage 
equipment necessary for plant safety. (This problem could 
also arise if actuation because of a real fire were to 
damage other equipment outside the fire's influence.) 
Damage mechanisms are several and will not be discussed 
here. This issue has never been studied in detail, so it is 
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not known whether its.contributions to overall plant risk 
are minor, or major, or in-between. Presumably, an analysis 
of the effects of this issue would require data on how 
suppression agents (water, various gases) affect equipment, 
especially electrical equipment. There is no existing 
methodology for studying this issue probabilistically, 
although the structure of the analysis approach seems 
straightforward to set down. However, the details of such 
an analysis seem difficult to work out. 

II.D.7 Evaluation of the PRA svstems-analysis methodology for 
fire-initiated accident sequences 

The objective of the systems-analysis methodology is to calcu­
late, for various scenarios, the probability of core damage. 

Discussion of the Methodology: The systems-analysis work is very 
similar in broad outline to ordinary PRA systems analysis. It 
uses the same tools and types of data, and the same way of 
setting up the analysis and solving it numerically. 

The approach involves developing event trees to follow postulated 
accident sequences through from initiating event to conclusion, 
and fault trees to establish quantified success-failure values 
for the branch points. One general consideration involves 
support systems: often, a major contributor to fire-initiated 
accident sequences is the damage to support systems (power, 
service water, instrument air, room cooling, and so on) that 
cause multiple subsequent failures of diverse equipment. If the 
support-system matrix has been developed previously, in the 
context of an internal-initiators PRA study, it can be used 
directly. Otherwise it must be worked out here. In any event, 
the analysis of support system dependencies is standard and very 
reliable and very useful. 

Another general consideration involves the contributions of non­
fire-caused failures. Such failures can be due to random 
failures-on-demand of needed equipment, equipment out-of-service 
for maintenance, operator errors, and the like. The quantifica­
tion of these failure probabilities is accomplished using 
standard PRA methods, and is very robust. 

PRAs often analyze and take credit for operator recovery actions 
to restore a failed piece of equipment or substitute another. 
While the methodology for this aspect is sound, in some fire 
scenarios recovery must be carefully analyzed because the fire 
can impede access to certain areas. 

Control system interactions: One key issue in the systems 
analysis is control systems interactions, a subject that has 
recently been treated in detail in Sandia's Fire Risk Scoping 
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Study (Ref. Sandia, 1988). The issue is the possibility that a 
fire can damage control systems, and thereby prevent control of 
safe-shutdown equipment from both the main control room and the 
remote shutdown panel. Specifically, if multiple control and 
actuation functions in the main control room were to be damaged 
by a fire spreading through one or more control cabinets, it is 
possible that control from the remote panel might also not be 
feasible, depending on the damage. 

One particular aspect of this issue is the possibility that a 
fire in a single cabinet might compromise safety, which would be 
an important vulnerability to identify. A thorough analysis of 
this topic would require working out the likelihood and time 
elapsed for a fire to cause the failures of concern, taking into 
account local suppression, any operator recovery actions avail­
able, and the probability of specific non-fire-related random 
failures. 

The sandia report's conclusions appear to be two-fold: First, it 
was found (Ref. Sandia, 1988, page 22.6) that "current fire 
protection criteria applied to US nuclear reactor plants require 
an extensive search for both simple and complex interactions 
between remote shutdown systems and the control room. Uncertain­
ties still exist in that detailed analyses of specific hardw~re 
and human interactions have not been performed. A comparison 
between primary reliance on preventative control logic and manual 
actions is one area of potential risk significance, which 
requires further examination." 

'l'fie second Sandia conclusion emerges from a trial study of the 
LaSalle reactor configuration* as a test case. Two critical 
control room cabinets were studied, the ECCS Panel and the 
Electrical Distribution Panel. Assuming that both panels would 
be totally consumed by a postulated firP. ~nd that all componentE 
within each panel would fail in the most undesired state, two 
potential accident sequences were identified. The scoping 
analysis found that the failure combinations leading to accident 
sequences always include a random (non-fire-related) failure in 
combination with fire-related failures. Th~t is, fire-induced 
failures alone would not be enough. With various conservative 
assumptions, the core-damage-frequency calculated from these 
scenarios is in the significant range --- about comparable with 
core-damage-frequency results from sequences involving other 
initiators. Whether this seeping analysis at LaSalle has generic 
significance isn't known, of course, but on its face it does 
point out the need for additional attention in fire PRAs to the 

* LaSalle is a modern two-unit station in Illinois with dual 
BWR/5 reactors with Mark-II containments, designed by 
General Electric Company and owned by Commonwealth Edison 
Company. Each unit generates 1100 MWe. 
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control-system-interaction issue. Fortunately, the basic 
systems-analysis methodology for performing such a calculation 
exists, although its application to a specific control-room con­
figuration may require extensive effort. 

Evaluation of the Methodology: The fire systems-analysis 
methodology is, in its basic outline, a variant of the type of 
systems analysis that is now a well-developed, mature PRA 
discipline. While certain issues must be specially treated, 
including especially the issue of control-systems interactions, 
every aspect of the methodology is fully within the routine 
capability of PRA analysts. Therefore, we conclude that any 
competent PRA systems analyst can perform this work, with little 
special training and only the minimal guidance that is readily 
available and easily learned. 

II.D.B Evaluation of the Consequence/Release Sub-Methodology 

Discussion of the Methodology: The objective of the conse­
quence/release methodology is to calculate, for various fire­
initiated sequences associated with various probabilities of core 
damage, the conditional probability that the accident will evolve 
into a "radiological release" scenario. 

Each scenario requires separate treatment, depending on which 
items of safety equipment have been damaged by the fire, which 
other equipment has failed from other causes, which operator 
actions have contributed to the damage or mitigated the situa­
tion, and so on. The probability of a radiological release, and 
its size, also obviously depend on how phenomena develop both 
within the primary system and in containment after core damage 
begins; how ex-plant radiological dispersion phenomena develop; 
and how sheltering and evacuation are accomplished. 

Evaluation of the Methodology: The consequence/release methodo­
logy is, in its basic outline, identical to the type of level-2 
and level-3 analysis that is now a well-developed, mature PRA 
discipline. The methods and data used are similar or identical, 
including the use of containment event trees (or accident­
progression event trees, as they are now often called) and 
offsite consequence analysis codes. We conclude that any 
competent PRA level-2/level-3 analysis team can perform this 
work, with no special training. 
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!I.E Evaluation of the "Bottom-Line" Results for Core-Damage 
Freguency and Offsite Risk, and the Key Risk Insights 

As the discussion above has implied, the numerical uncertainties 
in the bottom-line results can be large (plus-or-minus an order 
of magnitude or more would not be uncommon). This is due to 
several factors covered in the preceding subsections. 

The principal engineering insights depend in part on the numeri­
cal "bottom-line" results but not in a major way. These insights 
involve the identification of specific locations where fire 
initiation is likely, specific equipment that is susceptible to 
damage, fire barriers whose effectiveness needs reevaluation, 
fire-brigade training and access improvements, automatic or · 
manual suppression capabilities, and so on. The configurations 
of interest can include contributions from non-fire-related 
failures and human errors, which can be identified using the full 
power of the PRA approach to do an integrated analysis. 

Despite the numerically large uncertainties in the "bottom-line" 
numbers, these uncertainties should generally not invalidate the 
key insights concerning potential fire-related vulnerabilities. 
Conversely, if no vulnerabilities are identified and the plant is 
judged to be well designed against fire-initiated accidents, this 
conclusion should be quite robust despite any numerical uncer­
tainties in the bottom-line numbers. 

One of the major lessons from fire PRAs is that an integrated 
examination of the plant, by a team including both fire engineers 
and systems engineers, can be of major benefit in identifying 
issues that neither type of expert could find alone. Another 
major benefit is that an integrated examination of fire in the 
context of the rest of the plant's safety functions and systems 
is crucial --- and PRA analysis can accomplish this integrated 
examination very well. 
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III. EARTHQUAKES 

Ill. A Summary Evaluation 

Almost every full-scope PRA that bas examined earthquake-Initiated 
accidents bas found that this cateaory represents one of the 
important initiator 1roups. Occasionally, one of the earthquake­
initiated sequences Is among the few lar1est contributors to core­
damage frequency and/or to offsite risk. Usually the sequences 
Identified are very plant-specific in character, such that the 
specific: vulnerability would probably not exist at any other plant, 
even another similar plant. Sometimes the issue is site-related, and 
sometimes it is design-related. 

Given this background, it is obvious that no full-scope PRA can be 
considered complete without an examination of earthquakes. 

This summary will provide an overview evaluation of the reliability 
and usefulness of the PRA methodology for studyin& earthquakes. 
The full text below will support the summary statements in this 

· opening evaluation. 

]) How reliable and useful is the seismic hazard methodology? 
The "hazard methodology" analyzes for the frequency of earth­
quakes of various sizes at a given site, and the spectral shapes of 
the motion from these earthquakes. The methodology bas four 
steps (see Figure 111-1). A fair c:harac:terization is that each of the 
steps is straightfcrward to describe, but difficult to implement. 

The four-step approach begins with a seismicity assessment, to 
delineate and charaderlze the seismic: sourt'es. The second step 
Involves determining the earthquake recurrence relationship, which 
is usually expressed in terms of an annual frequency as a function 
of magnitude for each source or source zone. For both of these 
two steps, because the historical earthquake record Is at best 
Incomplete, and because except for very recent events the earth­
quakes have not been properly measured by good Instruments, much 
judgment Is necessary. 

The third step Is associating a motion vs. distance relationship with 
each magnitude. Usually, acceleration (In terms of peak 1round 
acceleration or local spectral acceleration) Is chosen as the motion 
parameter, even thou1h It Is an Imperfect measure --- In fact, no 
slagle parameter can be other than an Imperfect measure. There 
are two principal Issues here, choosln& an attenuation mocJel and a 
ground response spectral shape. For the eastern U.S. the strong-
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motion attenuation Information Is usually absent, so theoretical 
models are often used, although based In part on western-U.S. data 
and Insights which are not always applicable. 

Selecting a arouod response spectral shape Is also uncertain. In 
PRAs for eastern-U.S. sites, a standard broad-band spectral shape 
normalized to tile zero-period acceleration nlue has usually been 
used. Howner, If much soli amplification Is present, a site­
specific spectrum 'hould be developed. 

The ultima,te product of the hazard assessment Is the "hazard 
c:unes" themselves, typically In terms of the annual frequency of 
exc:eedance vs. a motion parameter like 'Peak around acceleration. 
It Is Important to note that embedded implicitly In the hazard­
c:une presentation Is a specific spectral shape used In the earlier 
parts of the analysis. 

All of the four above $tell$ are easy to describe broadly. Hnwever, 
as mentioned, their Implementation leads to major uncertainties. 
The crucial problem Is that the data available are not sufficient to 
differentiate among a large number of reasonable models develoPed 
by experts approaching this analysis problem from different 
perspectives. That Is, reasonable exPerts differ In their assess­
ments, and selecting which expert is correct is difficult. 

Both the NRC and EPRI hazard projects have used the approach of 
eliciting expert opinion In structured ways that attempt to account 
for the wide divergence of opinion without either suppressing 
minority views or overemphasizing them. How the elicitation of 
expert opinion has been accomplished apparently has some Influence 
on the outcome of the anessmeots, although this Issue Is· al$0 not 
dearly understood. Suffi(:e it to say that, from the penpec:tlve of 
a decision-maker, a legitimate and wide divergence of opinion 
among experts cannot but be taken on Its face as genuine "uncer­
tainty" In the best meaning of that term. The fact that different 
models can lead to PRA core-damage-frequency calculations 
differing by more than a factor of 10 Is simply a manifestation of 
the current state-of-the-art lP the dlsciptlile of selsmlt hazard 
assessment. 

ll How reliable and useful Is the local-eround-motion and build­
Ing-motion methodology? This phase of the analysis Is aenerally 
quite well developed, although when apec:lfic: situations are being 
analyzed there do remain uncertainties due to random variability 
and incomplete knowledge. 

The analyst usually starts with a family of earthquake motions, 
either time histo.rles or another cbarac:terlzatlon, that are posh.•­
lated to arrive at the local site from the source. As a set, the 
time histories are Intended to capture ·tarlabllity in the source. 
Usually, several different earthquake "sizes" are calculated. The 
objective is to work out the local motion at the location of each 
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significant Item (equipment Items and structures) necessary for the 
safety of the power station. 

For Items located at different elevations, elthe·r above or below 
grade, It is necessary to develop what are known as floor spectra, 
using a structural model of the building. This part of the analysis 
begins with determining ·the ground response frequency spectrum at 
the site. Usually, generic broad-band spectra have been used In 
PRAs, and this should be acceptable, provided they are applicable 
to local soli conditions. If the local soli produces much amplifica­
tion, the analyst should develop a site-specific response spectrum. 

If structural foundations are on rock or stiff soil, their motions 
should be the same as for the free field. On soft soli, the soil­
structure coupling can change both the frequencies and the 
amplitudes of the motion entering the building. In developing 
realistic floor spectra, It is typical to use linear dynamic analysis 
for the structure, and then to account for non-linear etrects by 
estimating the Inelastic energy absorption capacity of each com­
ponent, so that the response for the equipment Item represents the 
floor spectrum modified to account for how each equipment item 
responds In frequency space. 

For all of these analyses, It Is especially Important for the analyst 
not to take as necessarily correct the models used In the design, 
since these may contain conservatisms or other errors which would 
not be a realistic representation of behavior In an actual earth­
quake. 

As a summary of the state-of-the-art, it is a fair conclusion that 
while uncertainties are certainly present In this aspect of the 
analysis, from both variabilities and modeling approximations, the 
analytical approaches for the several topics are all 1eoerally well­
developed and robust in the hands of experienced analysts. 

3) How reliable and useful is the walkdown methodology? Among 
seismic-PRA analysts, the plant walkdown is considered to be 
almost tht most c:ruch&l aspect. Among the most Important benefits 
of the walkdown Is the Interaction that occurs among the systems 
analysis team, the seismic-capacity analysis team, and the utility 
staff. This Is one of the major lessons learned In the past few 
years. 

Another crucial benefit of the walkdown is that the seismic­
capacity team can determine, for each important item (structure or 
equipment), whether that item Is "typical" of Its 1eneric category, 
or somehow atypical or even unique. Still another benefit h the 
opportunity for the systems-analysis team to understand just bow 
the operating crew has been trained to carry out Its tasks, 
especially during emeraencles. 

The methodology for selsmic-PRA walkdowns is· now very mature. 
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he auldance Is sufficiently detailed, and the aumber of teams that 
have accomplished an excellent walkdown Is larae enough, that a 
aew team should have no difficulty In learnlna the approaches that 
work best. In summary, this aspect should be very reliable and 
very useful. 

4) How reliable Is the failure-mode and fraellltv methodoloay for 
earthauakes? The seismic fraaillty methodoloay calculates the 
capacity of Individual structures and equipment Items, and from 
that capacity the "fraaillty cune• for each Item and the correla­
tions amona these. 

Before capacity can be determined, "failure" must be defined, for 
both structures and equipment Items. The definitions are hiahly 
Individualized for specific equipment Items, and the asslanments 
must be made with the advice of a competent systems analyst. 
This aspect of the methodology Is aenerally a robust and reliable 
part of the selsmic-PRA methodology. 

The fragiHtv of a component ls defined as the conditional frequeo• 
cy of its failure as a function of a response parameter, usually an 
acceleration parameter, such as peak around acceleration or local 
spectral acceleration. A family of "fragility curves" Is generated, 
typically characterized m•tbematically by lognormal expressions (for 
calculational convenience even thouah loanormals don't represent 
the data In the tails), anchored to median values and using various 
uncertainty parameters to capture both variability from randomness 
and uncertainty from lack of knowledae. 

To develop a family of lraaility curves, the analyst can use test 
data, data from real earthquake experience, and/or analysis. For a 
structure. analysis Is usually uaed, since •tru~turei are aU so 
lndhld .. •lbed and ilnce they are more amenable to calculation 
ahen a determination of the Important failure mode(s). For 
equipment, reliance on test and experience data Is the common 
approach, because there are now extenshe data compilations In 
existence, lncludlna extensive experience data. 

Some hQportant lttrms of eq"lpment art aow kaown to be aeneth:al­
ly quite ruaged. This knowledae Is embedded In a set of screenlna 
tables for seismic capacity that can be found In the NRC and EPRI 
seismic maraln reports. 

Despite maJor proaress In o"r underat•ndlna, 5ome uattrtalnties 
remain for many Items of equipment. Specifically, there are still 
many unknowns, or differences amona approaches, or different ways 
to Interpret the Pnderlylna data --- so that different analysts. will 
produce different capacities and fraallity cunes for the Identical 
equipment Item. 

An Illustration of this Is the recent comparison among four expert 
analysts of their calculations for five specific items: a larae storage 
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tank, a contactor for a motor starter, a starting air tank, a heat 
exchanger, and a block wall. The calculated median capacities dif­
fered, from the highest to the lowest of the experts, by factors in 
the range of about 1.5 for most of the components. (For a typical 
eastern-U.S. site, the hazard curve frequencies differ by factors of 
about 3 when the acceleration differs by a factor of about 1.5, so 
if a single component completely dominates a given sequence, core­
damage frequency would vary by a factor of about 3). The lesson 
from this comparison is that the determination of seismic fragility 
curves, even by the most qualified experts, will still result in non­
negligible differences. 

We conclude that there is still some variability in the calculation of 
fragility parameters for items of equipment such as those cited in 
the test comparison study. This variability propagates through to 
modest uncertainties in the bottom-line risk results such as core­
damage frequency. Therefore, while we conclude that the fragility 
estimates are reasonably good for many purposes, such as identify­
ing the few important contributors at a plant, it is important not 
to take the numerical fragility values as implying too much 
accuracy. 

5) How reliable and useful is the systems-analysis methodology? 
The objective of the systems-analysis methodology, given which 
equipment is damaged by the earthquake (typically with a probabi­
lity distribution), is to determine which core-damage accident 
sequences may result, and the core-damage frequencies for each. 

The systems-analysis work is broadly similar to traditional PRA 
systems analysis for internal initiators, and is within the technical 
capability of any competent PRA systems analyst, with no special 
training. It uses the same tools and types of data, and the same 
way of setting up the analysis and solving it numerically. There 
are only a few special issues: correlations among failures, relay 
chatter, design and construction errors, and operator response. 

The problem of analyzing correlations among earthquake-induced 
failures can sometimes be difficult, esru~d~lly for co-located 
equipment. Typically, the assumption is made of complete correla­
tion in the response for nearby and similar equipment subject to 
the same floor motion. However, different equipment types, even if 
iocated in close proximity, are usually assigned only minor if any 
response correlation . 

. ~ 

The pro~lem for the analyst is that there is only very limited 
experimental information, from either testing or actual earthquakes, 
upon which to rely. Therefore, while the methodology. for coPirH~ 
with correlations is well-developed, the underlying knowlede:e is 
typically inadequate. The usual fallback approach is to perform a 
sensitivity analysis, to obtain a measure of the uncertainty in. the 
final results. 
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Whenever the accident sequences of concern involve components for 
which correlation might or might not be large, this issue ·is one of 
the important sources of uncertainty in the overall analysis. 

The seismic-PRA methodology does not systematically take into 
account possible design and construction errors. The only consola­
tion for the analyst (and the decision-maker) is that these omis­
sions are directly parallel to possible similar omissions in the rest 
of PRA. 

Recently, the relay-chatter issue has received significant attention. 
While the earliest seismic PRAs did not examine this issue, today 
an acceptable methodology does exist for treating it properly. 
Furthermore, the issue should not be ignored, because it certainly 
has a potential for contributing significantly to the overall seismic 
risk. 

It seems likely that, ·during. and after a strong-motion earthquake, 
oner~ttor rellpon:~c without cnor &hould be &ubstantiaHy degraded. 
However, this issue does not have as much effect on the results of 
PRAs as might be thought at first, principally because in PRAs no 
credit is usually allowed for operator control actions during the 
early minutes after a large earthquake. Based on this, the general 
consensus is that the operator-response aspect of the methodology, 
while not as strong as ultimately desired, is as robust (more-or­
less) as the approach for operator error analysis used in internal­
initiators PRA studies. 

6) How reliable and useful is the consequence/release methodo­
l.Q.gy1 The objective of the seismic-P RA consequencejrelease 
methodology is to calculate, for various earthquake "sizes" asso­
ciated with various prob!l bi II tl 1:\~ of r.nn. rla rna ee, the conditional 
probability that the !lccidl:\nt will P.vnlvP. into a "radiological 
rclcn~P." ~rPnarin. This r.nnrlitional probability differs from O!!(! 
postulated core-damage accident sequence to the next. Therefore, 
each sequence requires separate treatment. 

1t i~ important that the analysis team consider a few special issues, 
such as the possibility that thP. P.arthquake may affect containment 
integrity, and the effect on emergency evacuation of possible 
extensive damage offsite, such as to roads, buildings, and bridges, 
or widespread panic among the public. 

The CO!"I'ieqnP.nr.P./rP.Iease methodolo2y is, in its b:tsic,: outline, ?l 
variant of the type of level-2 and level-3 analysis that is now a 
widely used PRA discipline. While a few issues must be specially 
treated, we conclude that any competent PRA level-2/level-3 
analysis team can perform this work, ·with no special training. 
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III.B 

7) How reliable and useful are "bottom-line numbers" for core­
damue frequency and offslte risk. and the kn risk Insights? The 
numerical uncertainties In the bottom-line results can certainly be 
lar1e (plus-or-minus more than one order of ma1nltude or more Is­
common). This Is due to several factors lu the various sub­
methodololles, but dominantly due to the uncertainty In the 
hazard evaluation. The uncertainty In the fra1lllty estimates per se 
contributes smaller amounts to the overall uncertainty. Perhaps the 
other major source of possible uncertainty would arise when several 
components must fall to1ether to cause the accident sequence, and 
the correlations amon1 them are aot understood well --- the 
differences between assumin1 full correlation and zero correlation 
can abo amount to about an order of magnitude difference In core­
damage frequency In some cases. 

Despite the numerically large uncertainties, these uncertainties 
should generally I!Jl1 Invalidate the key lnsl&hts concernin& potential 
earthquake-related vulnerabilities. These Insights Include the 
Identification of specific equipment and structural weaknesses, 
Including weaknesses In components and systems not soeciflca1ly 
designed or qualified against earthquakes, specific non-seismic­
Initiated failures and human errors that may contribute to a key 
sequence, the possible role of post-earthquake operator recovery 
actions, whether a ginn sequence would have major or only minor 
offslte-release consequences, and (almost most Importantly) the 
places where support-system vulnerabilities can compromise 
different safety systems In subtle ways. 

One of the major lessons from seismic PRAs is that an Integrated 
examination of the plant, by a team Including both seismic-capacity 
engineers and systems engineers, can be of major benefit In 
Identifying Issues that neither type of expert could find alone. 

Another major benefit Is that an Integrated examination of seismic 
Issues In the context of the rest of the plant's safety functions and 
systems is crucial --- and PRA analysis can accomplish this 
Integrated examination very well. 

Introduction 

There have been well over two dozen full-scope PRAs that have 
studied potential earthquake-initiated accidents at nuclear power 
stations. The methodology has been exercised by several dif­
ferent groups .of practitioners and is considered mature. 
Nevertheless, and despite continuing research work to develop and 
improve the v·arious parts of the methodology, some aspects remain 
difficult to accomplish well and introduce considerable numerical 
uncertainties into the bottom-line results. 
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As discussed in the introductory chapter, this paper is not 
intended to be an in-depth technical review of the subject 
matter, but rather an in-depth evaluation of the reliability and 
usefulness of the results and insights from these analyses. The 
reader who desires instruction on the methodology can find 
extensive guidance in the literature, including both full-scope 
PRA methods and so-called abbreviated methods (Ref. SSMRP, 1981; 
NRC, 1983; Bohn, 1984; Shieh, 1985; Brookhaven, 1985; Ravindra & 
Banon, 1985; Reed, 1985; SSMRP, 1986; RMIEP, 1987; Bohn & 
Lambright, 1988). In addition, guidance on seismic-margin 
methodologies is available from both NRC (Ref. BudnitzjMargins, 
1985; PrassinosjMargins, 1986) and EPRI (Ref. EPRI/Margins, 
1988). Some of this guidance on margins methods is directly 
applicable to PRA analysis. 

The technical approach here, which builds on recP.nt work accom­
plished under NRC support at Lawrence Livermore National Labora­
tory (Ref. Kimura, Budnitz & Prassinos, 1987) and recent reviews 
of the methodoloqy (Ref. Buctnitz, 1984; R~vinnra, 1~84: Ravindra, 
1985; Budnitz, 1986; Budnitz, 1987), is to perform a more in­
depth evaluation. The thrust is to identify and describe the 
principal aspects of the current state-of-the-art PRA methodo­
logy, what aspects are more robust and therefore provide the most 
reliable insights, what aspects are less robust and therefore 
provide less reliable insights, and why. 

This study will concentrate on the sub-methodologies and on how 
these sub-methodologies are combined together to provide overall 
PRA results and insights. There is significant amount of 
guidance in the literature on the methods for performing seismic 
PRAs, which can be referred to for more details (Ref. NRC, 1983; 
Brookhaven, 1985; Bohn & Lambright, 1988). 

Description of the Methodology 

The overall methodology for probabilistic evaluation of earth­
quake effects consists of six sub-methodologies, which are 
combined together. (Of course, the division into these six sub­
methodologies is quite arbitrary. Some analy~t~ use a different 
division.) The six sub-methodologies to be discussed here are: 

o the seismic hazard methodology for calculating the 
frequency of earthquakes of various ''sizes" at a given 
site and characterizing the motion parametrically 

o the seismic local-ground-motion and building-motion 
methodology for working out the motion at a given 
location on the site or within buildings, given the 
incoming earthquake motion 
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o the walkdown methodology that guides the essential 
plant walkdown that is at the heart of seismic PRA 

o the seismic failure mode and fragility methodology for 
calculating the capacity of individual equipment and 
structures, and from that capacity the "fragility 
curve" for each item and the correlations among these 

o the seismic-PRA systems analysis methodology 

o the seismic-PRA methodology for analyzing plant 
response and offsite releases and consequences. 

There has never been an earthquake sufficiently damaging to any 
operating u.s. nuclear power station to cause safety concerns. 
By far the largest recent earthquake worldwide was the very 
destructive Armenian earthquake of November, 1988 which however 
produced only minor ground motion at an operating Soviet two­
unit PWR reactor station near the strong-motion zone. However, 
preliminary and unpublished reports indicated that there was no 
significant damage (Ref. Yanev, 1989). While there are anecdotal 
reports of earthquakes near reactors in Japan, there is little 
published literature about any effects. 

The published historical record is therefore not adequate for the 
analysis discussed here. The frequency of earthquake-initiated 
core-damage accidents can only be known from calculations, using 
a combination of real-earthquake data, test data, models of 
various phenomena, and systems analysis. 

III.D Evaluation of the Various Sub-Methodologies 

In the next sub-sections, we will discuss and evaluate each of 
the six sub-methodologies in turn. 

Xli.D.1 Evaluation of the seismic hazard methodology 

The "hazard methodology" is the methodology for analyzing for·the 
frequency of earthquakes of various sizes at a given site, and 
the spectral shapes of the motion from these earthquakes. For 
most sites, outside of highly active regions like coastal 
California, very large earthquakes have never been experienced 
(or at least never been recorded). Therefore, it is necessary to 
develop the so-called hazard curves based on analysis of in­
ferences, sometimes scarce and controversial, from the data that 
do exist. · 

Description of the Methodology: The methodology for developing 
the seismic hazard for a given site is well developed in outline, 
at least in principle, although as shall be seen below there is 
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still much uncertain~y in the detailed results. The outline of 
the four-step approach is shown in Figure III-1, taken from the 
PRA Procedures Guide (Ref. NRC, 1983). Here, we will not discuss 
the four steps in detail, since the literature is so extensive, 
including a very clear description in the Brookhaven procedures 
guide (Ref. Brookhaven, 1985). However, a fair characterization 
is that each of the steps is straightforward to describe, but 
difficult to implement. 

Two very large research projects have recently been completed to 
develop seismic hazard information for all of the various 
nuclear-reactor sites in the u.s., with emphasis on the regions 
east of the Rocky Mountains where well-known faults are not 
usually the pr.incipal aouroe of seismicity. One research project 
has been supported by the NRC (Ref. BerT\r.P.uter, 1989) and the 
other by EPRI (Ref. EPRI/Hazard, 1989). 

The four-step approach begins with a seismicity assessment, to 
delineate and chara~terize the seismic sources. The sources are 
typically either identified faults, or point sources, or areas 
called source zones in which it is assumed that the occurrence of 
earthquakes is spatially uniform. Usually, the different zones 
are assumed to be independent of each other. The assessment 
involves gathering and evaluating data about the various known 
sources near the site, for example from micro-seismicity records, 
geological and geotechnical information, surface topographic 
evidence, and so on. 

Unfortunately, except in the western u.s. or other regions where 
well-characterized faulting dominates, the process that gives 
rise to earthquakes is not well understood, so it is necessary to 
postulate models, such as tectonic models coupled with other 
regional and local features. A model can then be transformed 
into a set of seismic sources for use in the subsequent analysis. 
Models range from the simple to the complex, and can incorporate 
factors such as possible interactions among sources, time 
dependence or independence of earthquake occurrence due to stress 
buildup, and inferences from similarity with other regions. 

The second step is determining the earthquake recurrence rPla­
tionz:.hip, whi~h is usually expressed in terms of an annual 
frequency as a function of magnitude (as shown in stylized form 
in Figure III-1), for each source or source zone. Factors to be 
considered incluae the historical seismic activity rate, the 
lowest magnitude of concern for the given source, the upper­
bound magnitude that can be generated, the distribution of 
earthquake magnitudes, the depth of the source, the spatial 
distribution of energy release (point, short plane, extended 
plane), and so on. 

As with the seismicity assessment, models by different experts 
can range from the simple to the complex. Because.the historical 
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earthquake record is at best incomplete, and because except for 
very recent events the earthquakes have not been properly 
measured by good instruments, much judgment is necessary. For 
example, what is known best about large earthquakes many years 
ago is the damage that they caused, which is not easily trans­
formed into a more scientific parameter like magnitude (which, 
itself, is only a rough approach to categorizing earthquakes}. 

Also, many models would predict at least a finite chance of 
earthquakes of essentially infinite energy release, which is not 
physically correct, leading to the need for an upper-bound 
magnitude cutoff. Usually, various types of physical arguments 
are used, based on a variety of evidence, to determine this 
cutoff, and the evidence is usually difficult to interpret except 
in active areas like coastal California. 

The next step (see Figure III-1} is associating a motion vs. 
distance relationship with each magnitude. Usually, acceleration 
(in terms of peak ground acceleration or local spectral accelera­
tion} is chosen as the motion parameter, even though it is an 
imperfect measure --- in fact, no single parameter can be other 
than an imperfect measure. 

There are two principal issues here, choosing an attenuation 
model and a ground response spectral shape. Sometimes, these two 
aspects are combined in a model that directly attenuates dif­
ferent frequencies differently. For some parts of the western 
U.S. the strong-motion earthquake records are extensive enough to 
provide actual data for attenuation modeling. For the eastern 
U.S. the strong-motion information is usually absent, so theore­
tical models are often used, although based in part on western­
u.s. data and insights which are not always applicable. Issues 
to be considered include the effect of local transmission paths, 
fault rupture characteristics, and frequency dispersion. 

Selecting a ground response spectral shape is also uncertain. In 
PRAs for eastern-u.s. sites, a standard broad-band spectral shape 
normalized to the zero-period acceleration value has usually been 
used in place of working out the spectral shape in a combined way 
with the attenuation model. However, if much soil amplification 
is present, a site-specific spectrum should be developed. 

The final product of the hazard assessment, as shown in Figure 
III-1, is the "hazard curves" themselves, typically in terms of 
the annual frequency of exceedance vs. a motion parameter like 
peak ground acceleration. It is important to note that embedded 
implicitly in the hazard-curve presentation is a specific 
spectral shape used in the earlier parts of the analysis --- the 
results of the hazard methodology include both the hazard curves 
and the spectral shape(s}. 

In concluding tnis brief summary description of the hazard 
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methodology, it must be pointed out that a number of technical 
issues have not even been mentioned, because the summary has been 
intended mainly to introduce the various broad sources of 
information needed for seismic hazard analysis and why they are 
uncertain. 

Eyaluation: All of the above steps are easy to describe broadly. 
However, as mentionea, their implementation leads to major 
uncertainties. The Crucial problem is that the data available 
are not sufficient to differentiate among a large number of 
reasonable models developed by experts approaching this analysis 
problem from different perspectives. The Brookhaven guide (Ref. 
Brookhaven, 1985) states the situation succinctly: "The develop­
ment [of a seismic hazard model] is a product of scientific 
intarpret;:tt:i.on of uncertain and incomplete physical evidence on 
9eoloqical structures, tectonic processes, Cl.l"!d seismicity." 
Therefore, reasonable expe.t·ts differ in their assessment!?.., and 
selecting which expert is correct is difficult. 

Here we will not provide details on the specific issues on which 
the experts disagree --- the NRC and EPRI assessment reports 
should be referred to (Ref. Bernreuter,1989: EPRI/Hazard, 1989). 
Both the NRC and EPRI hazard projects have used the approach of 
eliciting expert opinion in structured ways that attempt to 
account for the wide divergence of opinion without either 
suppressing minority views or overemphasizing them. How the 
elicitation of expert opinion has been accomplished apparently 
has some influence on the outcome of the assessments, although 
this issue is also not clearly understood. 

Suffice it to say that, from the perspective of a decision­
maker, a legitimate and wide divergence of opinion among experts 
cannot but be taken on its face as genuine "uncertainty" in the 
best moaning of that term. The fact that different models can 
lead to PRA core-damage-frequency calculations differing by more 
than a factor of 10 is simply a manifestation of the current 
state-of-the-art in this discipline. 

III.D.2 Evaluation of the seismic local-ground-motion and 
building-motion methodology 

piscussion of the Methodology: This phase of the analysis is 
gener~lly quite well developed, although when specific situations 
are being analyzed there do remain uncertaintieo due to r~ndom 
variability and incomplete knowledge. 

In this phase, the analyst usually starts with a family of 
earthquake motions, either time histories or another charac­
terization, that are postulated to arrive at the local site from 
afar (or, of course, perhaps from directly below the site). 
Usually, several different earthquake "sizes" are calculated, by 
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scaling the time histories up or down anchored to different zero­
period accelerations. The objective is to work out the local 
motion at the location of each significant item (equipment items 
and structures) necessary for the safety of the power station. 

Of course, some items are located on the ground at grade level, 
while others are at different elevations, either above or below 
grade. For these latter, it is necessary to develop what are 
known as floor spectra, for each elevation in each important 
building. 

There are several individual issues here, each involving its own 
methodology. Because sites differ so much, not all of the issues 
will be relevant to every site. It is not the purpose of this 
discussion to cover the details of each aspect of the methodo­
logy: extensive discussion of the technical issues can be found 
elsewhere. 

This part of the analysis begins with determining the ground 
response frequency spectrum at the site, which is a function of 
distance from the earthquake source, the size of the earthquake, 
and local subsurface (especially soil) conditions (Ref. Brook­
haven, 1985). Usually, generic broad-band spectra have been used 
in PRAs, and this should be acceptable, provided they are 
applicable to local soil conditions. If the local soil produces 
much amplification, the analyst should develop a site-specific 
response spectrum (Ref. Bernreuter, 1987). 

If structural foundations are on rock or stiff soil, their 
motions should be the same as for the free field. On soft soil, 
the soil-structure coupling can change both the frequencies and 
the amplitudes of the motion entering the building. For example, 
it is necessary to account for such factors as soil shear modulus 
and damping. Soil-structure interaction models (Ref. Johnson, 
Schewe, & Maslenikov, 1984; Shieh, 1985) are quite reliable if 
all of the relevant site factors have been considered. It is 
especially important for the analyst not to take as necessarily 
correct the models used in the design, since these may contain 
conservatisms or other errors which would not be a realistic 
representation of behavior in an actual earthquake. 

Transmission of the motion within the structure must be deter­
mined, from the foundation to any given elevation and location. 
This entails the development of a structural model for the 
building, unless the analyst can rely on a model developed 
earlier, such as in the original design or for the safety 
analysis report. As elsewhere, it would not be correct for the 
analyst to use uncritically the floor response spectra found in 
the design analysis or safety report, since these will in all 
likelihood be highly conservative. 

In developing realistic floor spectra, it is typical to use 
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linear dynamic analysis for the structure, and then to account 
for non-linear effects by estimating the inelastic energy 
absorption capacity of each component, ao that the response for 
the equipment item represents the floor spectrum modified to 
account for how each equipment item responds in frequency space. 
The modifications account for several factors specific to each 
item such as damping and modal response combination --- all of 
which have variability which must be included in the analysis. 

Earthquake variabilities are usually accounted for by using 
several time histories, each of which captures the correlations 
properly for itself; the set of time histories capture, as an 
ensemble, the variability from earthquake to eart~quake. 
Guidance on carrying out this aspect can be found in several 
references (Ref. Bohn, 1984; Brookhaven, 1985; Kennedy, 1981), 
and discussion of a computer code specially developed for this 
analysis can be found in a Lawrence Livermore report that was 
part of their SSMRP project (Ref. Johnson/SMACS, 1981). 

Evaluation; As a summary of the state-of-the-art, it is a fair 
conclusion that while uncertainties are certainly present in this 
aspect of the analysis, from both variabilities and modeling 
approximations, the analytical approaches for the several topics 
are all generally well-developed and robust in the hands of 
experienced analysts. 

III.p.3 Evaluation of the walkdown methodology 

Discussion ot walkdown issues; Among ooiamic•PRA an~lysts, the 
plant walkdown is considered to be almost the most crucial 
aspect. A well planned and effectively executed walkdown can 
provide vital information about the plant configuration, specific 
sp~tial relationships, anchorages, and other features that c~nnot 
be found any other way --- and without Which neither the seismic­
capacity analyst nor the systems analyst can properly perform the 
required work. 

Among the most important benefits of the walkdown is the inter­
action that occurs among the systems analysis team, the seismic­
capacity analysis team, and the utility staff. These three 
groups should be working together throughout the seismic-PRA 
effort, but their interactions are most crucial during the 
walkdown, when each can assist the others in identifying the more 
important issues and screening out the less important. This is 
one of the major lessons learned in the past few years: the 
earliest seismic PRAs suffered because these interactions among 
analysts were insufficient, whereas today no seismic PRA would be 
considered competent without the significant analyst interaction 
that has become a central element of the walkdown. 

Another crucial benefit of the walkdown is that the seismic-
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capacity team can determine, for each important item (structure 
or equipment), whether that item is "typical" of its generic 
category, or somehow atypical or even unique. If it is judged to 
be "typical", then information from the broad class in which the 
item fits can often be used, eliminating the need for special 
analysis. If an "outlier" component or structure is identified, 
it can be given the special attention that it deserves. 

Still another benefit of the walkdown is the opportunity for the 
systems-analysis team to understand just how the operating crew 
has been trained to carry out its tasks, especially during 
emergencies. This understanding is crucial to the development of 
correct event trees and fault trees. 

The literature now contains excellent guidance on how to plan and 
carry out a walkdown (Ref. Brookhaven, 1985; Budnitz/Margins, 
1985; PrassinosjMargins, 1986; EPRI/Margins, 1988). As an 
example, an extensive table in the Brookhaven guide (Table 9.3.5 
in Brookhaven, 1985) is especially useful, since it provides a 
list, for almost every category of equipment, of what to look for 
and why. 

Evaluation: The methodology for seismic-PRA walkdowns is now 
very mature. The guidance is sufficiently detailed, and the 
number of teams that have accomplished an excellent walkdown is 
large enough, that a new team should have no difficulty in 
learning the approaches that work best. 

III.D.4 Evaluation of the seismic failure mode and fragility 
methodology 

The seismic fragility methodology is the methodology for cal­
culating the capacity of individual structures and equipment 
items, and from that capacity the "fragility curve" for each item 
and the correlations among_ these. 

For each item, there are two different aspects of the analysis, 
the definition of "failure" and the determination of the fragi­
lity. 

Discussion on determining "failure" modes: Before capacity can 
be determined, "failure" must be defined. For a structure it 
would usually be severe buckling or collapse that could com­
promise the safety equipment within, or collapse that could fall 
onto and damage equipment. "Failure" usually does not include 
minor structural damage. The decision about what constitutes 
"failure" must be made by the structural analyst on a case-by­
case basis, with the advice of a competent systems analyst, and 
considering the specific safety equipment and safety functions 
that would be vulnerable. Sometimes more than one failure mode 
will be considered in the analysis. This aspect of the methode-
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logy, identifying structural failure modes, is quite reliable and 
useful. This is especially true if a conservative assignment of 
"failure" is adequate. 

For an item of equipment, "failure" means the inability to 
perform its safety function --- inability of a valve to close or 
open, of a pump to pump, of a battery rack to provide DC power, 
and so on. Sometimes "failure" can involve a transient phenome­
non with no lasting damage, such as relay chatter that affects 
other equipment functions. The definitions are highly indivi­
dualized for specific equipment items, and as with structural 
failures must be assigned with the advice of a competent systems 
analyst. 

Evaluation: Today, the assignment of failure definitions is 
generally a robust and reliable aspect of the seismic-PRA 
methodology. Guidance on this aspect can be found in the 
procedures guides. 

Discussion on fragility analysis: The tragil!ty of a.eomponont 
is usually defined as the conditional frequency of its failure as 
a function of a response parameter, which in seismic PRAs is 
usually an acceleration parameter, such as peak ground ac­
celeration or local spectral acceleration. Usually, a family of 
"fragility curves" is generated, as described fully in the 
procedures guides (Ref. NRC, 1983; Brookhaven, 1985). These 
fragility curves are typically characterized mathematically by 
lognormal expressions, anchored to median values and using 
various uncertainty parameters to capture both variability from 
randomness and unceLtainty from lack of knowledqe (Ref. Kennedy, 
1980; Kennedy & Ravindra, 1984). 

A thorou~h discussion will not be presented here covering either 
the standard mathematical formulation or its pil!alls. Suffice 
it to say that the use of lognormal mathematics is known to be an 
erroneous approach in the tails of the lognormal distributions, 
even when the lognormal shape adequately describes the data in 
the main parts of the distribution. The lognormal is used mainly 
for its calculational convenience. 

There are three sources of information that can be relied on to 
develop a family of fragility curves for an item: test data, 
data from real earthquake experience, and analysis. For a 
structure, analysis is usually used, since structures are all so 
individualized and since they are more amenable to calculation 
given a determination of the important failure mode(s). 

For equipment, reliance on test and experience data is the common 
approach. There are extensive data compilations in existence 
now, too numerous even to list here as references. Good recent 
lists of data references are in the reference lists of the two 
NRC seismic margins reports (Ref. Budnitz/Margins, 1985; Pras-
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sines/Margins, 1986) and the EPRI margins report (Ref. EPRI/Mar­
gins, 1988). 

Recently, the use of earthquake experience data to supplement 
test data has become common, and this has strengthened the 
ability of analysts to anchor their analyses to real-world 
experience. Also, there are enough practitioners doing this kind 
of analysis today that a variety of independent viewpoints are 
being brought to the analysis of equipment fragility. 

One key outcome of this expanded activ~ty is that some important 
items of equipment are now known to be generically quite rugged. 
This knowledge is embedded in a set of screening tables for 
seismic capacity, that can be found in the NRC and EPRI seismic 
margin reports (Ref. Prassinos/Margins, 1986: EPRI/Margins, 
1988). Using these tables, analysts can screen out certain items 
as rugged provided that the various conditions are met for each 
individual item so that it qualifies as a member of the ensemble 
represented. 

Despite the major progress, some uncertainties remain for many 
items of equipment. Specifically, there are still many unknowns, 
or differences among approaches, or different ways to interpret 
the underlying data --- so that different analysts will produce 
different capacities and fragility curves for the identical 
equipment item. 

An illustration of this is the recent comparison (Ref. Kennedy, 
1989) among four expert analysts of their calculations for five 
specific items: a flat-bottom vertical water storage tank, an 
auxiliary contactor for a motor starter in an older motor control 
center, a starting air tank, a component-cooling heat exchanger, 
and a cantilevered ~einforced block wall. Specific design 
details and failure mode assumptions were provided as input. The 
approach was for the experts to do independent calculations 
first, then to compare and review the results to identify sources 
of differences, and finally to revise the calculations as 
appropriate. After the second round, the calculated median 
capacities differed, from the highest to the lowest of the 
experts, by factors in the range of about 1.5 for most of the 
components*. If the median of the four experts is considered as 

* For the so-called "HCLPF (High-~onfidence-of-~w-~robabi­
lity-of-Eailure) capacity" the ratio from highest to lowest 
among the experts was in the range of about 1.3 to 1.4. The 
HCLPF capacity is the capacity a~ the point on the 
fragility curve representing a 95% confidence of a 5% 
probability of failure, and is a figure-of-merit in seismic­
margin reviews. Calculating HCLPF capacities is described 
in the seismic-margin-review literature (Ref. NRC/Margins, 
1986: EPRI/Margins, 1988; and Kennedy, 1988) • 
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.a rough "best estimate", this means that the highest and lowest 
calculations by the experts differ by about ± 20% to ± 25%. (For 
.a typical eastern-u.s. site, the hazard curve frequencies differ 
by factors of about 2 to 3 when the acceleration differs by 
factors of 1.3 to 1.5, so if a single component completely 
dominates a given sequence, core-damage frequency would vary by a 
factor of about 2 to 3.) 

The lesson from this comparison is that the determination of 
seismic fragility curves, even by the most qualified experts, 
will still result in non-negligible differences, which can only 
be considered, for the purposes of overall PRA analysis, to be 
"uncertainty" in the best meaning of that term . 

.IDullY.~tiqn:. Based on the above discussion, we conclude that 
there is still some variability in the calculation ot fragility 
parameters for items of equipment such as those cited in the teet 
comparison study. This variability usually propagates through to 
modest uncertainties (but sometimes to significant uncertainties, 
especially where test data are limited) in the bottom-line risk 
results such as core-damage frequency. 

Therefore, while we conclude that the fragility estimates are 
reasonably good for many purposes, such as identifying the few 
important contributors at a plant, it is important not to take 
the numerical fragility values as implying too much accuracy. 

III.D.5 Evaluation of the seisrnic-PRA systems analysis 
methodology 

The objective of the systems-analysis methodology is as follows: 
Given :which equipment is damaged by the earthquake (typically 
with a probability distribution), the analyst must determine 
which core-damage accident sequences may result, and the core­
damage frequencies for each. 

Discussion of the Methodology: The systems-analysis work is 
.br.oadly similar to traditional PRA systems analysis for internal 
initiators. It uses the same tools and types of data, and the 
same way of setting up the analysis and solving it numerically. 
The following paragraphs will point out a few special considera­
tions. 
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Logically,* the analyst should begin with the results of the 
seismic fragility analysis, which will have determined which 
structures and equipment have been damaged by the postulated 
earthquake (as a function of earthquake "size" in terms of, say, 
peak ground acceleration, frequency, etc.). The systems analyst 
must then take into account issues such as the random (non­
earthquake-caused) likelihood that other vital equipment might be 
out-of-service due to testing, maintenance, operator error, or 
failure; possible correlations among failures; and the procedures 
used by the operators, including their ability to recover 
certain earthquake-damaged or failed equipment, or to substitute 
other equipment, or to perform the needed function another way. 

The systems analysis requires developing one or more accident 
sequence event trees, that include the various functions or 
systems needed for safe shutdown, possible operator prevention 
and recovery actions, and the like. The success-or-failure 
numerical values on the event-tree branch points are then worked 
out using either data or fault trees. If we assume that the 
analyst has access to a completed internal-initiators PRA, then 
direct use can be made of such vital information as the emergency 
procedures and the support-system matrix. (Support systems such 
as AC power, instrument air, service water, and so on support the 
vital front-line equipment.) Otherwise, the analyst must develop 
this information anew. If fault trees from an internal-initiator 
analysis are used, they must be modified somewhat to account for 
location correlations and to introduce different failure modes. 

The outcome of the systems analysis is the numerical value of 
core-damage frequency (actually, a density function that captures 
uncertainties) for each of several (usually discrete) earthquake 
sizes. 

There are four special issues to discuss here: correlations among 
failures, relay chatter, design and construction errors, and 
operator response. 

Correlations among failures: The problem of analyzing correla­
tions among earthquake-induced failures can sometimes be hard. 

The usual assumption, which seems obviously appropriate, is that 

* The term "logically" is used here because, in practice, the 
process is not quite as linear as described in this para­
graph, but rather is much more iterative: the systems 
analysts and the seismic-capacity analysts will have been 
working together from the start to screen out certain 
potential issues, develop input information on others, and 
help each other to focus on the issues deemed important. 
There will have been several iterations in any well-designed 
seismic-PRA study. 
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the earthquake motion coming into the site will affect all 
buildings in a fully correlated way. However, at different 
locations in a building, and certainly in different buildings, 
this correlation is diluted by intervening factors. Typically, 
the assumption is made of complete correlation in the response 
for nearby and similar equipment subject to the same floor 
motion. However, different equipment types, even if located in 
close proximity, are usually assigned only minor if any response 
correlation. Furthermore, even high response correlation doesn't 
imply high capacity correlation, which would arise when, for 
example, two valves come from the same manufacturer and the same 
assembly line. 

The problem for the analyst is that there is only-very limited 
experimental information, from either testing or actual earth­
quakes, upon which to rely. Therefore, while the methodology for 
coping with correlations is well-developed (Ref. Ravindra, 1984; 
Reed, 1985), the underlying knowledge needed to perform the 
calculations is typically inadequate. The usual fallback 
approach is to perform a sensitivity analysis, for example 
assuming complete correlation and then complete independence and 
ascertaining what difference these two assumptions make. The 
difference is then taken as representing a measure of the uncer­
tainty in the final results. 

Care must be taken about correlations not only in the central 
values but in the uncertainties. If neither of two parameters is 
known well, but what little i§ known comes from the same data 
set, the correlation in the uncertainty can be high. 

Whenever the accident sequences of concern involve components for 
which correlation might or might not be large, this issue is one 
of the important sources of uncertainty in the overall analysis. 
(Conversely, if a key sequence is dominated by a single failure, 
or by two failures of very different kinds --- a large yard tank 
together with a battery rack would be examples --- both response 
and capacity correlations should be minor and the sensitivity of 
the results also minor.) 

To summarize, while the methodology for this aspect of the 
analysis certainly exists in an adequate form, the underlying 
data are often inadequate, so that uncertainties in the final PRA 
results can sometimes be important from the issue of correlation. 

Relay chatter: The issue of relay chatter was not analyzed at 
all in the first several seismic PRAs (early 1980s). Instead, 
the assumption was made that all relay ·chatter was recoverable by 
the operating crew, which assumption is tantamount to assuming no 
chatter. Recently, however, this issue has received significant 
attention. An NRC-sponsored study of chatter at two power plants 
(Ref. Budnitz, Lambert, & Hill, 1987) demonstrated that if there 
is no operator recovery the chattering ·of relays could lead to 
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core-damage accident sequences with high annual frequencies. 
This study also developed and used a methodology for examining 
relay-chatter issues in the context of a full-scope PRA. The 
recent Diablo Canyon PRA (Ref. PG&E, 1988) included a thorough 
examination of relay chatter, which was found to be a significant 
issue in the study. Also, the currently ongoing seismic margin 
review at Plant Hatch, jointly undertaken by EPRI, NRC, and the 
utility has examined this issue thoroughly (Ref. Moore, Wooten, & 
Kassawara, 1988) . l''urthermore, the test data base on seismic 
capacities for relay chatter has become more and more extensive. 

A summary of the relay-chatter issue as of today is that (1) an 
acceptable methodology does exist for treating it properly; and 
that (2) the issue should not be ignored,· because it certainly 
has a potential for contributing significantly to the overall 
seismic risk. 

Design and construction errors: The seismic-PRA methodology does 
not systematically take into account possible design and con­
struction errors, except in the rare case that such an error may 
be identified during the walkdowns or the study of design 
drawings. This may seem like a serious flaw in the methodology. 
In actual fact, there is no way to know whether or not it is! 
The only consolation for the analyst (and the decision-maker) is 
that these omissions are directly parallel to possible omissions 
in the rest of PRA, such as in the analysis of internally­
initiated accidents, where possible design errors affecting the 
configuration of systems are also not accounted for properly 
either. This is not an excuse, but rather a generic weakness of 
all PRAs. Of course, a rigorous pre-operational testing program 
should identify most of these errors. 

Operator response: It seems likely that, during and after a 
strong-motion earthquake, the ability of control-room operators 
to perform their assigned tasks without error should be substan­
tially degraded, due to high levels of stress and confusion. 
This issue has been examined recently (Ref. Budnitz, Lambert, & 
Hill, 1987), and a model has been proposed to account more effec­
tively for possible high operator stress. However, this issue 
does not have as much effect on the results of PRAs as might be 
thought at first, principally because in PRAs the assumption is 
commonly made that no credit is allowed for operator control 
actions during the early minutes --- often for as long as a half­
hour --- after a large earthquake. By that time, things should 
have settled down (literally and figuratively), so that the 
normal PRA methodology for analyzing operator errors should 
apply. Based on this, the general consensus is that the 
operator-response aspect of the methodology, while of not as 
strong as ultimately desired, is as robust (more-or-less) as the 
approach for operator error analysis used in internal-initiators 
PRA studies. 
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Evaluation of the Systems-Analysis Methodology: As mentioned 
briefly above, the seismic systems sub-methodology is, in its 
basic outline, a variant of the type of systems analysis that is 
now a well-developed, mature PRA discipline. While certain 
issues must be specially treated, every aspect of the methodo­
logy, including correlations, relay chatter, and operator 
response, is fully within the routine capability of PRA analysts. 
Therefore, we conclude that any competent PRA systems analyst can 
perform this work, with no special training and only the minimal 
quidance that is readily available and easily learned. 

III.D.6 Eyaluation of the seismic-PRA consequence/release 
methodology 

Discussion o~ the Methodology: The objective of the seismic-PRA 
consequence/release methodology is to calculate, for various 
earthquake "sizes" associated with various probabilities of core 
damage, the conditional probability that the accident will evolve 
into a "radiological release" scenario. 

This conditional probability differs from one postulated core­
damage accident sequence to the next. Therefore, each sequence 
requires separate treatment, depending on which items of safety 
equipment have been damaged by the postulated earthquake, which 
operator actions have contributed to the damage or mitigated the 
situation, which equipment has failed from other (non-seismic) 
causes, and so on. The size of the release also obviously 
depends on how phenomena develop both within the primary system 
and in containment after core damage begins; how ex-plant 
radiological dispersion phenomena develop; and how sheltering and 
evacuation are accomplished. 

It is important that the analysis team consider a few special 
issues, such as the possibility that the earthquake may affect 
containment integrity, either for the structure itself or, more 
likely, for the penetrations or other ways in which integrity can 
be compromised. 

Also, if the earthquake has caused extensive damage offsite, such 
as to roads, buildings, and bri.dges, or widespread panic ~mong 
the public, the effect of these issues on emergency evacuation 
must be asse~~ed. · 

Evaluation of the Methodology: The consequence/release methodo­
logy is, in its basic outline, a variant of the type of level-2 
and level-3 analysis that is now a well-developed, mature PRA 
discipline. The methods and data used are similar or identical, 
including the use of containment event trees (or accident­
progression event trees, as they are now often called) and 
offsite consequence codes. While a few issues must be specially 
treated, we conclude that any competent PRA level-2/level-3 
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analysis team can perform this work, with no special training. 

Because some of the special issues --- such as offsite damage and 
panic and their effect on evacuation --- are difficult and highly 
uncertain, the reliability and usefulness of the results can be 
significantly compromised. This is not a fault of the methodo­
logy per se, but rather a potential for the analyst to be 
incomplete in developing all of the issues fully. 

III.E Eyaluation of the "Bottom-Line" Results for Core Damage 
Frequency and Offsite Risk. and the Key Risk Insights 

The numerical uncertainties in the bottom-line results can 
certainly be large (plus-or-minus more than one order of 
magnitude or more is common). This is due to several factors in 
the various sub-methodologies, but dominantly due to the 
uncertainty in the hazard evaluation. The uncertainty in the 
fragility estimates per se contributes smaller amounts to the 
overall uncertainty. Perhaps the other major source of possible 
uncertainty would arise when several components must fail 
together to cause the accident sequence, and the correlations 
among them are not understood well --- the differences between 
assuming full correlation and zero correlation can also amount to 
about an order of magnitude difference in core-damage frequency 
in some cases. 

Despite the numerically large uncertainties, these uncertainties 
should generally not invalidate the key insights concerning 
potential earthquake-related vulnerabilities. These insights 
include the identification of specific equipment and structural 
weaknesses, including weaknesses in components and systems not 
specifically designed or qualified against earthquakes, specific 
non-seismic-initiated failures and human errors that may 
contribute to a key sequence, the possible role of post-earth­
quake operator recovery acti9ns, whether a given sequence would 
have major or only minor offsite-release consequences, and 
(almost most importantly) the places where support-system 
vulnerabilities can compromise different safety systems in 
subtle ways. 

One of the major lessons from seismic PRAs is that an integrated 
examination of the plant, by a team including both seismic­
capacity engineers and systems engineers, can be of major benefit 
in identifying issues that neither type of expert could find 
alone. 

Another major benefit is tha~ an integrated examination of 
seismic issues in the context of the rest of the plant's safety 
functions and systems is crucial --- and PRA analysis can 
accomplish this integrated examination very well. 
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IV, EXTERNAL FLOODING* 

IV.A Summarv Enluatlon 

Because PRAs hue occasionally Identified core-damage accident 
sequences Initiated by very high external flooding as among the 
Important contributors at a few nuclear power plants, the analysis 
of flooding cannot be neglected as a part of external-Initiators 
PRA. Fortunately, for most plants the analysis can be an abbreYi­
ated or screening analysis demonstrating that the plant layout and 
design are nry well protected against flooding. For only a few 
plants will a more nearly full-scope analysis be required. 

This summary will proYide an onniew enluation of the reliability 
and usefulness of external-flooding PRA methods and results. Its 
summary statements are supported in the maio text below. 

1) How reliable is the flooding hazard methodology? The answer 
depends somewhat on the type of flooding phenomenon. For most 
of the phenomena, and for flooding heights up to or not too far 
aboYe the historical record, the methodology can reliably provide 
site-specific answers to the question, "What Is the annual frequency 
of flooding (FF) up to flood level X?" Extrapolation methods much 
beyond the historical record at a given site possess diminished 
reliability. Because our historical record Is usually on the order of 
about one century (often less, If records are poor), calculated 
nlues of FF much below about 0.01/year become Increasingly 
difficult to support. Modest extrapolations, of perhaps one order 
of magnitude to the range of 0.001/year, can be supported in some 
cases when the model for the flooding phenomenon Is well under­
stood. 

·In the above range (reliably down to Fr nlues near 0.01/year, less 
reliably down to about 0.001/year), the flood-hazard results are 
reliable. For FF nlues much below about 0.001/year, the very 
broad uncertainties In the analytical models Implies that the 

The scope of this chapter covers external floods, meaning 
floods arising outside a nuclear· power plant from external 
sources of water. The flooding phenomena under considera­
tion mostly arise from "acts of god" such as high river or 
lake water, extreme precipitation, ocean flooding, tsunamis, 
seiche phenomena, and the like. A few man-made events can 
cause external flooding, principally due to the failure of 
dams, levees, and dikes. 
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reliability of these nlues Is much poorer. 

For a few phenomena, the situation Is somewhat better. Speci­
fically, In analyzlna local precipitation It Is often feasible to obtain 
more reliable extrapolations at a specific site by uslna realonal 
Information. For dam failures, use of the nry larae data base on 
dams can sometimes allow reliable extrapolations of Fr down to 
quite small nlues If similarity arauments can be supported soundly. 
At some sites, extrapolation of Fr for other phenomena may be 
supportable. 

ll How reliable and useful are the flooding svstems-analysls 
methodology and the consequence/release methodology? These 
aspects of the methodology, which are broadly similar to the 
systems-analysis methods of lnternal-lnUlators PRA, are highly 
reliable and useful. Specifically: 

o Given a postulated flood large enouah to breach a barrier and 
.Iawajit a<Jwe key equipment, the mcthttdolttgy can reliably 
quantify the conditional probability (PeD) of core damage, Its 
principal contributors, and their Interactive roles, Including 
equipment Issues, operator-error Issues, and operator recovery 
issues. 

o Given a postulated core-damage accident the conditional probabi­
lity of radioactive releases (Pa) can be reliably determined and 
the results are highly useful. 

o It Is fully feasible to identify flood-related specific vulnerabilities 
at a nuclear plant using this methodology. When a vulnerability 
Is Identified, the analysis Is robust and can be used to suggest 
alten1athe approaches to reducing the vulnerability; Including 
approaches that rely on operator recovery actions. 

3l How reliable and useful are "bottom-line numbers" for core­
damage frequency and offsite risk and how reliable are the kev 
engineering Insights? Because the flood-hazard methodoloaies are 
reliable only .In the ranae above, say, about Fr • 0.001/year, core­
damage frequencies dependent on amaller F,. •alues will hue large 
uncertainties. Since the frequency of core damaae, FeD• Is 
roughly the product of Fr times l'eD• nlues of FeD are reliable 
and useful only If they are constituted from Fr nlues above about 
0.001/year . 

. Despite possibly large uncertainties In the bottom-line risk results, 
these uncertainties should not aenerally lnnlldate any lnslahts that 
may be obtained about floodln& Yulnerabllltles. That Is, If the 
analysis renals combinations of failures that can ahe rise to a 
safety concern, these should be robust despite uncertainties In the 
numerical results. 
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IV.B Introduction 

Different types o~ sites are prone to different external-flooding 
phenomena. The following, taken from Kimura and Budnitz (Ref. 
Kimura & Budnitz, 1987), describes the wide range of flooding 
issues at different types of sites: 

o all sites: flooding due to severe local precipitation 
and runoff effects on the site itself; 

o river sites: flooding due to too much water in the 
river (from precipitation runoff, etc.) 

o river sites: flooding due to a dam failure (which 
itself could be due to too much water in the river); 

o ocean, estuarine sites: flooding due to combinations of 
high tides, wave effects, high wind-driven water 
levels, surges, seiches, etc.; 

o ocean sites: flooding due to a tsunami; 

o lake sites: flooding due to combinations of high lake 
water level, wave effects, high wind-driven water 
levels, surges, seiches, etc.; 

o all sites: flooding due to earthquake-induced effects, 
such as landslides, dam failures, tsunami-type effects. 

It is important to consider combinations of the above phenomena. 
At som~ sites, the very largest floods may not be due to an 
extremely unlikely occurrence of one of the phenomena, but rather 
to less extreme occurrences of more than one, in combination, at 
the same place and time. When considering the probabilities, the 
analyst and decision-maker must be cognizant of this issue. 

As discussed in the introductory chapter, this paper is not 
intended to be an in-depth technical review of the subject 
matter, but rather an in-depth evaluation of the reliability and 
usefulness of the results and insights from external-initiator 
PAA. 

The technical approach here, which builds on recent work accom­
plished under NRC support at Lawrence Livermore National Labora­
tory (Ref. Kimura & Budnitz, 1987), is to perform a more in­
depth evaluation. The thrust is to identify and describe the 
principal aspects of the current state~of~the-art PRA methodo­
logy, what aspects are more robust and therefore provide the most 
reliable insights, what aspects are less robust and therefore 
provide less reliable insights, and why. 
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The product of the study is intended to be an evaluation of the 
PRA methodology for external flooding, concentrating on the sub­
methodologies and on how these sub-methodologies are combined 
together to provide overall PRA results and insights. There is 
guidance in the literature about how to perform a flood PRA, 
which can be referred to for more details (Ref. NRC, 1983; Oconee 
PRA, 1984; Brookhaven, 1985). 

IV.C Description of the Methodology 

The overall methodology for probabilistic evaluation of external 
flooding consists of three sub-methodologies, which are combined 
together. The three are: 

o the flood hazard methodology, which determines the 
frequency per year (Fy) of a flood large enouqh to 
cau&o damage t.o equipment 4t lhe nuclear power plant. 

o the flood response methodology or systems analysis, 
which determines the probability (Pc0 ), given a flood 
large enough to cause more than minimal damage, that a 
core-damage accident will occur. Pco is a conditional 
probability with values between 0 and 1. 

o the flood consequence or release analysis, which 
determines the probability (PR), given a core-damage 
accident from flooding, that the accident will evnlv~ 
into a "radiological release" scenario. PR is a 
conditional probability, and has different values for 
different accident sequences. 

We will use the following definitions, following the notation 
used in Kimura and Budnitz (Ref. Kimura & Budnitz, 1987) --- here 
the parameter f represents the "size" (usually the high water 
level) of the flood: 

= 

PcD (f) = 

= 

frequency per year of a flood large enough to 
cause damage to the nucleAr po~er plant, as a 
function of f; 

probability as a function of f that a core­
damage accident will occur; 

probability, given a core-damage accident 
from extreme flooding with size f, that the 
accident will evolve into a "radiological 
release" scenario. Pa is usually different 
from one accident sequence to the next. 
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We also define the following frequencies for reactor accidents: 

Fco = 

= 

frequency per year of an accident involving 
core damage; 

frequency per year of an accident involving a 
significant release of radioactivity. 

Clearly, Fco is obtained by an integration over flood sizes of 
FF(f) times Pc0 (f). Also, FR is obtained by multiplying, 
sequence-by-sequence, the value of Fco for a given sequence by PR 
for that sequence, and then summing over similar sequences 
characterized by similar releases. 

These multiplication operations are a simplification because they 
assume that there is no correlation or coupling between the three 
terms, FF, Pc0 , and PR. The absence of coupling may not always 
be correct, although this simplification seems very reasonable, 
and is the approximation made in all fiooding probabilistic 
analyses in the literature. 

Of course, no large flood at any nuclear power plant has been 
sufficiently damaging to cause serious safety problems. That is, 
the floods that have occurred have been too small to cause 
trouble. Therefore, the empirical data base is not sufficient to 
provide information for the analysis discussed here. All three 
of the quantities (FF, Pc0 , and PR) can only be determined from 
calculations using limited data coupled with models of what might 
occur in extremely unlikely situations. 

In the next sub-sections, we will discuss and evaluate each of 
the three sub-methodologies in turn: the flood hazard methodo­
logy, the response methodology (systems analysis), and the 
consequence or release analysis. 

IV.D Evaluation of Flood Hazard Sub-Methodologies 

The task of the flood hazard methodology is to calculate FF, 
whose definition was introduced above as the frequency per year 
of a flood large enough to be of concern to the nuclear power 
plant. 

FF is a function of flood "size", usually given in terms of flood 
water elevation. At any given site, the values of Fr will depend 
on which phenomenon (or combinations of phenomena) are con­
sidered. Also, for a given elevation of extreme flood water, the 
analyst's ·knowledge of FF is never exact, so the analysis of FF 
should provide a distribution rather than a point value to 
capture the uncertaihty in the state of knowledge. 
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In the introduction, several different flooding phenomena were 
discussed, depending on the site (ocean, river, lake, etc.) and 
including extreme precipitation also. We shall evaluate each 
flooding phenomenon separately in turn. 

Before discussing the individual phenomena, it is important to 
make five general observations. 

The first and most important general observation was made in the 
introduction above. It is that no large flood at any operating 
nuclear power plant has ever caused a serious accident. While 
minor floods have occurred from time to time, and "major" 
flooding has affected a tew sites, there have been no accidents. 
This attests, by-and-large, to the efficacy of the flood-protec­
tion criteria used in plant design, and tells us that in working 
out FF the analyst is cosentially always dealing with postulated 
floods larger than the historical record at a given site. What 
this means is that Fr can only be determln~d from analysis, based 
on limited historical data together with a model to extrapolate 
to the larger and much less probable floods of concern. 

The second important observation involves the fact that, except 
for precipitation analysis, flooding analysis typically deals 
with a single parameter ---- floodwater height --- as its figure­
of-merit. This height is then compared to the site features 
(river bank, dike height, ocean or lake shoreline, etc.). Once 
flooding reaches a certain undesired height, it is assumed that 
the waters will flow to all elevations at that height. It is 
then considered a trivial matter to determine which structures 
and equipment are flooded. The important observation worth 
noting here is that sometimes floodwater height alone may not be 
a sufficient endpoint for the hazard analysis. Sometimes, the 
duration of the event can be important, such as for wind-driven 
runup, wave effects, landslide-induced flooding, and so on. 
Also, sometimes the total water volume may be limited, such as 
for an upstream dam failure or a single-strike tsunami. 

The third observation is that, while many of the types of 
flooding are mutually exclusive --- for example, one need not 
consider a tsunami together with a hurricane --- some of them are 
known to occur together, and due consideration must be taken of 
this issue where appropriate. 

Fourth, on the units for FF, we quote from Kimura and Budnitz 
(Ref. Kimura & Budnitz, 1987): 

"The value of Fr has units of frequency ("events per 
year"), but since large floods are so rare one often 
encounters discussions of the "100-year flood", "1000-
year flood", and so on. The correct way to think about 
this terminology is as follows: although the "100-year 
flood" is ~opularly thought to be the river flood that 

IV - 6 



will recur every 100 years on the average, the correct 
logic is that it is the flood level with a 1/100th 
chance (1% chance) of occurring in any given year. 
Thus it should be assigned a frequency value of FF = 
0.01 per year." 

Finally, because there are significant uncertainties in the flood 
hazard analysis, it is important that the methodology capture 
these. The flood hazard is generally expressed in terms of 
values of FF as a function of flood height. The uncertainty is 
expressed as a distribution of FF values at each given flood 
height, to capture the analyst's state of knowledge. Families of 
curves are often used to show the functional relationships, with 
different curves showing the 50th-percentile or median value of 
Fy, the Sth, 25th, 75th and 95th percentile values, the mean 
value, and so on. 

IV.D.l Flooding from Severe Local Rainfall 

Discussion of the Methodology: The methodologies for this 
phenomenon depend on modelling of intense local rain over very 
short time periods (a few minutes up to, say, an hour), coupled 
with computer-based stochastic studies, such as Monte Carlo-type 
analysis, to generate the likelihood of several severe rains in a 
longer period, such as an 8-hour period. The limitations on 
these methods are principally that not enough is known about the 
correlations among severe short-duration storms. Attempts have 
been made to develop correlations, either spatial over short 
distances or temporal over a few hours, based on rain gauge data 
from several nearby stations. The notion is that one can develop 
understanding of how a severe storm might move (or not) in time. 
Another consideration sometimes used in the analysis is that 
there is a limit to the total rain available in any storm system, 
due to the finite size and content of the clouds. For a more 
detailed discussion the reader is referred to (Ref. Interagency 
Committee, 1986). 

There does not seem to be any thorough analysis of flooding from 
severe local precipitation in any of the nuclear-power-plant PRAs 
examined. The phenomenon, if treated at all, is usually dis­
missed on the basis of deterministic calculations, typically in 
the Safety Analysis Report. 

Evaluation: For extreme precipitation, there i$ a general 
consensus that some extrapolation beyond the site-specific 
historical record, using data from other sites, can be justified 
if the analysis method takes care to assure the comparability of 
the data used to the site being studied. The problem with 
determining FF for the most extreme postulated rainfalls, say 
below about 0.001/year, is that the rarest events involve more 
than one extreme phenomenon in time correlation, and the correla-
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tions are neither understood from empirical information nor 
modeled satisfactorily. No accepted model has yet been developed 
--- even more importantly, the technical basis for such a model 
is still not understood. 

IV.D.2 River Flooding 

Discussion of the Methodology: Numerous nuclear plants are sited 
along rivers, and in some cases the risk from flooding requires 
careful evaluation. (In other cases, the site is located so high 
above the river that major flooding is, for all intents and 
purposes, precluded). 

The flooding design basis for most reactors is based on the Army 
Corps of Engineers "Probable Maximum Flood" (PMF). Although the 
method used for selecting the PMF is not directly linked to its 
annual frequency or return period, typical annual frequency (Fr) 
values for the PMF seem to be in the range from 0.01 to 
0.001/year (Ref. Kimura & Budnitz, 1987). Two recent and 
prestigious studies have examined methods for assigning an annual 
frequency to the PMF. One study, by a US government Interagency 
Advisory Committee (Ref. Interagency Committee, 1986), was very 
pessimistic about developing annual probabilities for river 
flooding for recurrence intervals beyond a few hundred years, 
corresponding to FF values in the range of, say, 0.003 to 
0.001/year. The other study, under the auspices of a Committee 
of the National Academy of Sciences (Ref. National Academy of 
Sciences, l9HH), was far more optimistic, believing that methods 
do exist for making estimates down to the range of 0.001/year or 
even lower, if appropriate watershed data can be obtained. 

A discussion of the issues can he found in the recent Livermore 
study (Ref.Kimura & Budnitz, 1987). The fundamental problem is 
that, when extrapolations beyond the historical record must be 
made, there is a need to understand the correlations between 
weather phenomena, which correlations are not unnPrstood well 
theoretically nor known reliably from actual data in most areas. 

Evaluation of the Methodology: Based on the available litera­
ture, it appears feasible to obtain values ~f FF down to the 
range of about 0.001/year for at lest some river sites, where 
data and a good flooding model allow for extrapolation of the 
historical record. (FF values near 0.001/year represent extra­
polations of factors of 3 to 10 beyond the historical record.) 
For lower FF values, the reliability of the extrapolation is 
probably poor, and the numerical values untrustworthy. 
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IV.D.3 Ocean (Coastal and Estuary> Flooding 

Description of the Methodology: Numerous nuclear power plant 
sites are located adjacent to oceans and salt-water estuaries. 
While some coastal sites are located relatively high above the 
sea, others are low enough that storm-flooding issues can be 
important. For these sites, the flooding questions involve storm 
surges and waves running up onto the land. These usually occur 
in association with extreme tides, hurricanes and other storms, 
and possibly in association with very high rainfall. 

For most coastal U.S. sites, the historical record, going back 
perhaps a century or sometimes two or more, provides a reasonable 
basis for limited extrapolations beyond the actual record. For 
example, historical data for a longer section of coastline (say, 
several hundred miles) can be used to strengthen the data base at 
the actual site itself. Of course, the use of these extended 
data requires developing a model of the specific site topography, 
both beneath the adjacent sea surface and on the land. 

The largest coastal floods sometimes involve the coincident 
arrival of a large storm surge when the tides are also very high. 
Combining these two types of phenomena can be accomplished 
analytically using a joint probability distribution. It is 
necessary to know the extent of any correlations to perform a 
robust analysis. This is a major difficulty for analyses that 
attempt to push the extrapolations well beyond the historical 
record. Various extreme-value distributions have been used (Ref. 
St. Lucie PRA, 1987; Kimura & Budnitz, 1987). 

Typically, estimates of flooding well beyond the historical 
record have large uncertainties, perhaps plus-or-minus a factor 
of 5 to 10, sometimes more. This is due to the absence of an 
accepted methodology for making the necessary extrapolations. 
These uncertainties are ~ot as large when use of extended 
coastline data allows the analyst to extend his data base beyond 
the specific site to a longer section of coast. However, while 
use of this approach can "extend" the data base by a factor of, 
say, about one order of magnitude, going well beyond one order of 
magnitude inevitably involves modelling with its associated 
unknowns. 

Evaluation of the Methodology: Based on the above brief 
discussion, the conclusions for coastal and estuarine flooding 
are similar to those for river flooding, for a similar although 
slightly different reason: if it is necessary to develop values 
of FF well below the range of 1/100 to l/300 per year, so that 
the historical data base is not directly usable, the FF values 
becomes less and less valid and useful. 
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IV.D.4 Tsunamis 

Discussion of the Methodology: The issue here is to calculate 
the frequency per year that a tsunami might occur large enough to 
·threaten the reactor site. Usually, a bounding analysis will be 
sufficient. 

Although a tsunami can occur along any of the world's coastlines, 
the threat to u.s. reactors is generally considered greatest for 
those few reactor sites near the Pacific Ocean, where tsunami 
events are much more frequent than elsewhere. (However, tsunamis 
are not unknown in the Atlantic: the major earthquake in 1755 in 
Lisbon, Portugal produced tsunami effects along the entire 
American Atlantic coast). 

The historical data base for tsunamis extends for several hundred 
years in both Pacific and Atlantic basins, with less reliable 
data going back somewhat further. Given a distant tsunami 
arriving at a specific location, it is feasible to determine how 
large a tsunami-induced flood will be, by considering the local 
offshore subsurface topography. Usually, a deterministic 
analysis is sufficient to assure that tsunami effects will not be 
troublesome at a given site: that is, FF is usually acceptably 
small based on conservative or deterministic analysis. If not, 
it would be necessary to perform a response analysis, determining 
which safety equipment and structures might be damaged and the 
consequences for overall safe shutdown. 

Evaluation: There exists no full-scope probabilistic tsunami 
reactor analysis in the literature. However, such an analysis 
would require a straightforward adaptation of PRA methods that 
are well known and well within the capability of PRA analysts, 
and of tsunami-flood-height methods routine used in the engineer­
ing community. Therefore, such an analys.is: s:ho1.1ld hP hnt-h 
reliable and useful. 

IV.D.5 Lake Sites: High Water Level. Surges, Wave Effects 

Discussion of the Methodology: In the u.s., this issue arises 
mostly for the several reactors located on the Great Lakes. The 
brief discussion here will therefore concentrate on Great Lake 
sites, for which the problem arises due to the possible (rare) 
combination of several effects such as storm-driven wave runup, 
wind-generated waves, and an unusually high lake level. 

Of course, lake levels rise and fall over the years, for a 
variety of reasons both natural and man-made. For the Great 
Lakes, only slightly more than 100 years• data exist. While 
extrapolations out to a few hundred years are routinely done for 
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planning purposes, it is difficult to know how reliable these 
are, especially in light of the rise in Great Lake levels over 
the past decade or ao that is not well explained (Ref. National 
Geographic, 1987). 

Effects of extreme winds, including both wind-driven waves and 
wind setup along the shore, are often much larger than the 
variations in the lake levels themselves: for example, Lake 
Michigan data cited by Kimura and Budnitz (Ref. Kimura & Budnitz, 
1987) show only about two feet difference between the 10-year 
(known) and 500-year (extrapolated) lake levels in comparison to 
5-foot or even up to 10-foot effects from wind and wave phenomena 
at certain sites. 

Analysis of a given site requires knowing the subsurface topo­
graphy and local configuration. Theoretical understanding of 
wind-wave effects is reasonably well grounded, and reliable for 
modest extrapolations beyond the historical record. 

Eyaluation: The historical record can support Fr values down to 
the range of about 0.01/year. Extrapolations to another order of 
magnitude, to the range of about 0.001/year, can be made with 
modest confidence. Beyond that, uncertainties become so great 
that it would be difficult to rely heavily on analysis using such 
extrapolations. 

IV.D.6 pam Failures 

piscussion of the Methodology: The issue here is to calculate 
the likelihood that a nearby dam might fail, thereby causing 
unacceptable flooding at the nuclear plant site. A generic data 
base exists on us dam failures, that categorizes dams into 
several different types such as earthfill dams, concrete gravity 
dams, and so on (Ref. Vanmarke & Bohnenblust, 1982; McCann & 
Hatem, 1985). Uae of thia generic data base can be useful in 
some circumstances, depending on how closely the specific dam 
fits into the data base. 

The mean value for all dams is a failure rate in the range 
between about 10·4 and 10·5 per year (Ref. Oconee PRA, 1984; 
Kimura & Budnitz, 19a7). However, for some modern dams that have 
been extensively engineered, values even in. the range below about 
10·5;year range have been quoted (Ref. McCann & Boissonnade, 
1988), while for some poorly constructed older dams, values near 
10"3/year could be more nearly correct, since the actual dam 
failures observed are mostly in this group. 

Eyaluation; There does not seem to be any generally accepted 
methodology for analyzing the dam-failure frequency for a 
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specific dam. Usually, a dam is considered as one of a class. 
Whenever a bounding-type estimate is sufficient, this method 
should be fully adequate based on a reasonable application of the 
data base. If a realistic analysis is needed as a function of 
extreme conditions, such as those leading to very low probabili­
ties in the range below, say, 10-6jyear, the analysis must be 
site-specific (and river-specific, of course) and would require 
detailed engineering studies. There are a very few such analyses 
in the PRA literature (Ref. Oconee PRA, 1984; McCann & Boisson­
nade, 1988). Their reliability and usefulness is probably 
limited for failure frequencies in the range below, say, about 
10-6/year. 

,lV.E Evaluation of the Flood Response Sub-Methodology 

Discussion of the Methodology: The objective of the flood 
response methodology is to calculate, for various floods, the 
probability of core damage, P00 , which was defined in the 
introductory sub-section as the probability that a core-damage 
accident will occur. 

Pco is a true probability. It is obviously a function of the 
type and size of the flood. Hence, the response analysis 
proceeds by postulating floods of different types and "sizes", 
and calculating the value of Pco for each such "size", to develop 
a functional relationship. 

A brief summary of the analyst's task is as follows: the work is 
very similar in broad outline to ordinary PHA systems analysis. 
It uses the same tools, the same type of data, and the same way 
of setting up the analysis and solving it numerically. The 
following paragraphs will point out a few special considerations. 

Typically, the flood-response analyst begins with the results of 
the flood hazard analysis, because from those results it becomes 
clear just which types and "sizes" of flooding are important, in 
terms of their annual probability of reaching whatever flood 
levels can cause damage. The analyst then chooses a few selected 
flooding scenarios of interest, and performs the response 
analysis for each scenario in turn. 

As a hypothetical example, suppose that the result of the flood 
hazard analysis is as follows: flooding to elevation 303 feet 
has Fr = 0.01/year; to elevation 306 feet Fr = 0.003/year; and to 
elevation 309 feet Fr = 0.001/year.• The three elevations (303, 

* Actually, the flood hazard analysis does not produce single 
point-estimate values of Fr, but a distribution for each 
flood level. Our hypothetical example here gives point 
estimate values only for simplicity. 
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306, 309 feet) are chosen because at 303 feet water would 
hypothetically submerge and damage equipment ·group X; at 306 feet 
equipment group Y as well as group X; and at 309 feet equipment 
group z also. Typically, the analyst must deal with only a few 
discrete flood levels such as these. 

Given the above, the analyst's task, assuming the flooding of 
each equipment group (X; X andY; X andY and Z), is to calculate 
Pco for each discrete flood level. The analysis usually assumes 
that equipment submerged by the flood and not specially protected 
against water will "fail". In the systems analysis, the analyst 
must take into account issues such as the random (non-flood­
caused) likelihood that other vital equipment might be out-of­
service due to testing, maintenance, operator error, or failure; 
the warning time that can enable plant staff to secure certain 
equipment and to place the plant in a safer state; the ability of 
operators to recover certain flood-damaged or failed equipment, 
or to replace it with substitutes, or to find another way to 
accomplish the needed function; and so on. 

Sometimes, warning times may be long enough that the plant can be 
confidently assumed to be shut down (hot or cold shutdown), so 
that only the maintenance of the shutdown state need be con­
sidered. Also, in the hypothetical example above there may be 
the possibility that other preventive actions (sandbagging, etc.) 
can effectively prevent the undesired flooding, at least at the 
lowest flood level (~, 303 feet for our example). 

To accomplish the above, an event tree is needed, showing the 
various equipment needed for safe shutdown, possible operator 
prevention and recovery actions, and the like. The success-or­
failure values on the event-tree branch points are then worked 
out using either data or fault trees. If we assume that the 
analyst has access to a completed internal-initiators PRA, then 
direct use can be made of such vital information as the emergency 
procedures and the support-system matrix (which support systems 
such as AC power, instrument air, service water, etc. support 
which front-line equipment). Otherwise, the analyst must develop 
this information anew. 

The outcome of the analysis is the numerical value of Pco 
(actually, a Pco density function that captures uncertainties) 
for each (usually discrete) flood level of interest. 

Evaluation of the Methodology: As mentioned briefly above, the 
flood-response sub-methodology is, in its basic outline, a 
variant of the type of systems analysis tha~ is now a well­
developed, mature PRA discipline. While certain issues must be 
specially treated, every aspect of the methodology is fully 
within the routine capability of PRA analysts. We conclude that 
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any competent PRA systems analyst can perform this work, with no 
special training and only the minimal guidance that is readily 
available and easily learned. 

IV.F EValuation of the Flood Consequence/Release Sub-
Methodology 

oiscussion of the Methodology: The objective of the flood 
consequence/release methodology is to calculate, for various 
flood levels associated with various probabilities of core damage 
(Pc0 ), the probability Pa, which was defined in the introductory 
sub-section as the probability, given a core-damage accident 
sequence from flooding, that the accident will evolve into ~ 
"radiological release" scenario. 

~R is a true probability. It nhvi~usly differs for e~ch dif­
ferent core-damage accident sequence. Each sequence requires 
separate treatment, depending on which pieces of saf~ty equipment 
have been damaged by the flood, which other equipment has failed 
from other causes, which operator actions have contributed to the 
damage or mitigated the situation, and so on. Pa also obviously 
depends on how phenomena develop both within the primary system 
and in containment after core damage begins; how ex-plant 
radiological dispersion phenomena develop; and how sheltering and 
evacuation are accomplished. 

Evaluation of the Methodology: The consequencejrelease methodo­
logy is, in its basic outline, a variant of the type of level-2 
and level-3 analysis that is now a well-developed, mature PRA 
discipline. The methods and data used are identical, including 
the use of containment event trees (or accident-progres~ion event 
trees, as they are now often called) and offsite consequence 
analysis codes. While a few issues must be specially trea.ted, we 
conclude that any competent PRA level-2/level-3 analysis team can 
perform this work, with no special training. 

Of course, it is important that the analysis team consider a few 
special issues, such as the possibility that the external 
flooding (especially if associated with other natural phenomena 
such as extreme winds or enormous ra.infall) may affect eontain­
ment integrity or ultimate heat-sink capability; may degrade the 
recoverabili ty of lost offs.i.te power; may altar access and as­
sistance from off-site personnel: may modify ex-plant evacuation 
routes; may alter environmental transport or released radio­
activity; and so on. Treating all of these issues is fully 
within the capability of PRA analysts today. 
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IV.G Evaluation of the "Bottom-Line" Results for Core-Damage 
Frequency and Offsite Risk. and of the Key Risk Insights 

As the discussion above has indicated, there are limitations in 
the accuracy of realistic estimates of the frequency of very 
large and rare floods. Thus the "bottom-line" numerical results 
for core-damage frequency and offsite risks can have large 
numerical uncertainties to the extent that they rely on flood­
hazard frequency estimates for the rarest floods. 

However, the principal engineering insights depend only in part 
on the numerical bottom-line results, and often DQt in a major 
way. These insights involve the identification of specific 
structures and equipment'that may be vulnerable to flood-caused 
damage, and of configurations of safety systems and functions 
that, taken together, might lead to a core-damage accident. The 
configurations of interest can include contributions from non­
flood-related failures and human errors, which can be identified 
using the full power of the PRA approach to do an integrated 
analysis. 

Therefore, we conclude that despite the numerically large 
uncertainties in the "bottom-line" numbers, these uncertainties 
should generally not invalidate the key insights concerning 
potential flood-related vulnerabilities. 
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V. EXTREME WINDS. 

V.A Summary Evaluation 

Because PRAs hue Identified core-damage accident sequences 
Initiated by extreme winds as among the Important contributors at 
a few nuclear power plants, the analysis of extreme winds cannot 
be neglected as a part of external-Initiators PRA. Fortunately, for 
most plants the analysis can be an abbreviated or screening 
analysis demonstrating that the plant layout and design are very 
well protected against extreme winds. For only a few plants will a 
more nearly full-scope analysis be required. 

This summary will provide an overview evaluation of the reliability 
and usefulness of PRA methods for studving extreme winds. The 
main text below will support Its summary statements. 

1) How reliable is the wind hazard methodolon? Although the 
site-specific wind hazard curves used In PRAs have significant 
numerical uncertainties (up to about plus-or-minus one order of 
magnitude uncertainty In some cases), the methodology is mature 
and reasonably reliable. 

2) How reliable is the fragility methodology for extreme winds? 
This methodology bas several different aspects: 

o For unprotected equipment and for structures having poor 
wind-resistant capacity, a thorough walkdown is a reliable way 
to Identify and analyze these items. 

o For structures with an excellent wind-resistant design basis, 
the methodology can reliably Identify these structures and can 
uflen screen them out without detailed analysis. 

o For those structures for which furtller analysis Is needed, the 
definition of structural "failure" for PRA-analysls purposes can 
usually be properly determined by experienced engineers. 
However, If a realistic calculation of damage and failure 
probability as a function of wind speed and other extreme­
wind parameters Is needed, the analysis, although mature for 
many structures, Is difficult for some other confiaurations, and 
there can sometimes be large uncertainties ln tbe numerical 
results. Despite these occasional problems, developlo& fragility 
curves for structures In extreme wind loadings Is probably a 
more robust dlsc:ipline than the same analysis problem for 
large earthquakes. 
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o In analyzln& the "failure" of equipment within structures, It Is 
usually conservatively assumed that structural "failure", 
however carefully defined, Implies failure of all equipment 
dependent on or within the structure. U more realistic: 
analysis Is needed, the conclusion will typically depend on the 
experienced jud&ment of the analyst, and Is therefore subject 
to possible uncertainties surroundln& this jud&ment. 

o Tornado missiles have nenr been found to be Important 
contributors In any PRA, 10 consenatin sc:reenln& methods 
have been adequate as an approach to the analysis. If these 
screening methods are not adequate, methods do exist that can 
be used for detailed analysis of Individual structures and 
equipment, and these methods are reliable ln the bands of an 
experlenl:ed analyst. 

3) How reliable and useful are the wind svstems-analysis methodo­
logy and the c:onsrguenc;e/rele&se methodolon? These aspects of 
the methodology are broadly similar to the systems-analysis 
methodolou for Internal-initiators PRA, and are highly reliable and 
useful. Spedflc:ally: 

o Given a postulated extreme wind large enough to breach a 
barrier and damage some key equipment, the mellnidology can 
reliably quantify the conditional probability (PcD) of core 
damage, its principal contributors, and their Interactive 
aspects, includin& equipment Issues, operator-error Issues, and 
operator recovery Issues. The principal difficult lssue Is 
determining depeodeud~s among nearby Items of equipment 
damaged together: although the conservative assumption of full 
correlation h usually adequate for &ross bulldin& failure or 
tornado-missile damage to outside equipment, If It Is not 
adequate a, more realistic analysis can sometimes be quite 
difficult. 

o Given a postulated core-damage accident, the conditional 
probability of radioactive releases (Pa) can be reliably 
deter01ined and the consequences c:alc:ulated. Special con­
sideration Is needed for a few lssues, 11uda as possible 
hamperina of ~Pm•rgPD"Y evacuation protechares In the presence 
of extensive wlnd-c:aused damage. 

4) How reliable and useful are "bottom-line numbers" tor c:ore­
damau frequency and oftshe risk. and the kn risk lnsiRhts? 
Although the numerical uncertainties In the bottom-line results can 
be lar&e (plus-or-minus one order of ma&nltude or sll&htly more 
would not be uncommon), these unc:ertahitles should aenerally not 
Invalidate the key lnsi&hts conc:ernln& potential wind-related 
vulnerabilities. Conversely, If no vulnerabilities are Identified and 
the plant Is judged to be well designed a&ainst wind-Initiated 
ac:c:idents, this conclusion should be quite robust despite the 
numerical uncertainties In the bottom-line numbers. 
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V.B Introduction 

Different types of sites are prone to different extreme-wind 
phenomena, including hurricanes, tornadoes, and extra-tropical 
wind storms. Damage can be from the wind forces themselves, from 
pressure differentials, or from wind-generated missiles. Here, 
the characteristics of these different extreme-wind phenomena 
will not be discussed in detail, because these are covered well 
in several readily accessible documents (Ref. Kimura & Budnitz, 
1983; NRC, 1983; Lawrence Livermore, 1989). Suffice it to point 
out· that at any given site it is important to begin by deciding 
which of these potential wind hazards (perhaps all!) apply, and 
why. 

As discussed in the introductory chapter, this paper is not 
intended to be an in-depth technical review of the subject 
matter, but rather an in-depth evaluation of the reliability and 
usefulness of the results and insights .from external-initiator 
PRA. 

'The technical approach here, which builds on recent work accom­
plished under NRC support at Lawrence Livermore National Labora­
tory (Ref. Kimura & Budnitz, 1987), is to perform a mo.re in­
depth evaluation. The thrust is to identify and describe the 
principal aspects of the current state-of-the-art PRA methodo­
logy, what aspects are more robust and therefore provide the most 
reliable insights, what aspects are less robust and therefore 
provide less reliable insights, and why. 

The study will concentrate on the sub-methodologies and on .how 
these sub-methodologies are combined together to provide overall 
PRA results and insights. There is guidance in the literature 
about how to perform a PRA for extreme winds, which should be 
consul ted for details (Ref. NRC, 1983; Brookhaven, 198.5.; Ravindra. 
& Banon, 1985; Lawrence Livermore, 1989). 

V.C Description of the Methodology 

The overall methodology for probabilistic evaluation of extreme 
winds consists of four sub-methodologies, which are combined 
together. The four are: 

o the wind hazard methodology, which determines the 
frequency per year (Fw) of a wind storm large enough to 
cause damage to equipment·at the nuclear power plant. 

o the wind response analysis, which determines the 
probability (Pc0 ), given a wind storm large enough ·to 
cause damage, that a core-damage accident will occur. 
Pco is a conditional probability with values between 0 
and 1. There are two sub-methodologies involved here, 
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the wind fragility methodology and the wind systems­
analysis methodology. 

o the wind consequence or release analysis, which 
determines the probability (PR), given a core-damage 
accident from extreme winds, that the accident will 
evolve into a "radiological release" scenario. PR is a 
conditional probability, and has different values for 
different accident sequ~nces. 

we will use the following definitions, following the notation 
used in Kimura and Budnitz for external flooding (Ref. Kimura & 
Budnitz, 1987) --- here the parameter w is the windspeed: 

Fw (w) 

Pco (w) 

= frequency per year of a wind storm large enough 
to cause damage to the nuclear power plant, as 
function of w; 

= probability as a function of wind speed w that 
a core-damage accident will occur; 

= probability, given a core-damage a~~ldent from 
extreme winds with wind speed w, that the 
accident will evolve into a "radiological 
release" scenario. PR is usually different 
from one accident sequence to the next. 

We also define the following frequencies for reactor accidents: 

= freq11ency par ~{car of al't accident involving 
core damagE~: 

= frequency per year of an accident involving a 
significant release of radioactivity. 

Clearly, Fco is obtained by an integration over windspeed of 
Fw(w) times Pc0 (w). Also, Fn is obtained by multiplying, 
sequence-by-sequence, the value of Fco for a given sequence by PR 
for that sequence, and then summing over similar sequences 
characterized by similar releases. 

These multiplication operations are a ~implification because they 
ass;unte tha't there is no correlation or coupling between the three 
terms, Fw, Pc0 , and PR. The absence of coupling may not always 
be correct, although this simplification seems very reasonable, 
and is the approximation made in all extreme-wind probabilistic 
analyses in the literature. 

No wind storm at any nuclear power plant has been sufficiently 
damaging to cause serious safety problems. That is·, the high 
winds that have occurred have always been too small to cause a 
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core-damage accident or even a "near miss" consisting of loss of 
key safety functions. Therefore, experience alone is not 
sufficient to provide information for the analysis discussed 
here. All three of the quantities (Fw, P00 , and Pa) can only be 
determined from calculations using limited data coupled with 
models of what might occur in extremely unlikely situations. 

In the next sub-sections, we will discuss and evaluate each of 
the four sub-methodologies in turn: the extreme-wind hazard 
methodology, the response methodology (including the fragility 
analysis and the systems analysis), and the consequence or 
release analysis. 

V.D Evaluation of the Extreme-Wind Hazard Sub-Methodology 

pescription of the Methodology: The wind hazard is usually 
expressed in terms of the frequency per year of exceedance of 
various wind speeds. This is typically given in the form of a 
family of "hazard curves" expressing differing levels of con­
fidence, such as a median hazard curve, a 10% curve, and 90% 
curve, and so on. The analyst should take care to account for 
the other characteristics of the wind hazard besides wind speed. 
For tornadoes this would include path width, path length, trans­
lational tornado speed, vertical velocity, and the like. For 
hurricanes it would include duration, distribution of the central 
pressure drop, radius of the maximum winds, storm attenuation 
across land, associated rain and flooding, and so on. 

The hazard curves for hurricanes, tornadoes, and extra-tropical 
straight winds have different shapes. A stylized representation 
for a given hypothetical site is shown in Figure V-1 (taken from 
Ref. Kimura & Budnitz, 1987). Note that tornadoes produce the 
highest wind speeds, albeit at the very lowest annual frequen­
cies. 

There are several established methods for developing wind hazard 
curves, and they have been used in numerous PRAs. The data bases 
in the literature often require extrapolation for the specific 
site being studied, which means developing a model to incorporate 
site-specific information into a regional-scale model. While 
this can usually be accomplished reasonably·well, the various 
models do have differences and uncertainties definitely remain an 
issue. 

A detailed discussion of the various models will not be attempted 
here, since the literature on this subject is extensive and some 
recent NRC-sponsored summaries exist (Ref. Lawrence Livermore, 
1989; McDonald, 1983; Coates & Murray, 1985; Kimura & Budnitz, 
1987). Suffice it to point out that the analysis requires not 
only a model incorporating a regional data base on tornadoes or 
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hurricanes categorized by "size" (usually wind speed), but also a 
local site-strike model to account for topography and other site 
aspects. Issues continue to exist on how to use the observa­
tional data base for tornadoes, since it is incomplete; how to 
categorize the tornadoes' damage potential; and how to determine 
out their potential for picking up missiles. For hurricanes, 
land-crossing attenuation relations must be used, and local heavy 
precipitation issues need to be considered. 

For these and a few other reasons, uncertainties continue to 
exist in extreme-winds hazard analysis, especially whenever it is 
necessary to develop realistic hazard curves because a conserva­
tive or screening analysis is not adequate. However, the 
methodologies involved are mature and reliable, having been used 
for many years at a variety of sites by numerous practitioners. 

Evaluation of the Methodology: Sometimes, conservatively biased 
hazard curves can be succesSifully used in a 15creenin1J analyQis, 
and thl~ is appropriate if the screening step is sufficient to 
eliminate the issue. However, it is often necessary to develop 
realistic site-specific hazard curves. Although these hazard 
curves can have significant uncertainties depending on the site 
(factors up to about plus-or-minus one order of magnitude 
uncertainty are not uncommon), the methodology is quite reliable 
provided the analyst has appropriately accounted for the uncer­
tainties and captured them in the analysis. 

V.E Evaluation of the Extreme-Wind Response Sub-Methodology 

...:.V....:.•...::E~·:....:l,.___,_--=I~n~t...,r,_,o=d uc\:J.Qn 

The objective of the extreme-wind response methodology is to 
calculate, for various large wind storms, the quantity Pen• which 
was defined in the introductory sub-section as the probability as 
a function of wind speed that a core-damage accident will occur. 

Pen is a conditional probability. It is clearly a function of 
the type and size of the wind storm. Hence, the response 
analysis proceeds by postulating wind storms of different types 
and "sizes", and ·Calculating the value of Pen for each such 
"size", to develop a functional relationship. 

There are two sub~methodologies involved here, the wind fragility 
methodology and the wind systems analysis. 

A brief summary of the analyst's typical approach is as follows 
(here the first ·two steps comprise the wind-fragility methodology 
while the third step is the systems analysis): 
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o First, for each wind "size" (usually, "size" is 
characterized by wind speed but other aspects must be 
considered, as discussed above), the probability of 
damage to structures and equipment must be calculated. 
The damage can occur from either the direct wind 
forces, the negative pressures associated with the 
winds, or missiles picked up by the wind that can 
strike and damage structures and equipment. Sometimes, 
water damage can occur from associated heavy rains. 

o Second, given damage to specific structures, the 
analyst must figure out which safety-related equipment 
may be damaged. Usually, the assumption is made that a 
damaged structure implies damage and failure of all 
equipment housed within it or dependent on it. 

o Third, given which equipment is damaged (typically with 
a probability distribution), the analyst must determine 
which core-damage accident sequences may result. This 
work is broadly similar to traditional PRA systems 
.analysis for internal initiators. 

In the following two subsections, we will point out a few special 
considerations. 

V.E.2 Wind Fragility Methodology 

Discussion and Evaluation of the Methodology: The winds of 
interest have very high speeds, of the order of 80 to 130 mph 
(miles per hour) or more for hurricanes and sometimes in excess 
of 200 mph for tornadoes. Also, missiles picked up by the wind 
(usually by tornadoes, less commonly by hurricanes) can harm 
structures and equipment. 

The methodology therefore has sever.al parts, which will be 
discussed and evaluated separately in the following individual 
paragraphs: 

1) Outside Equipment and Weak Structures: Certain unprotected 
equipment and some structures have so little wind-resistant 
capacity that damage is almost inevitable given high enough 
winds. This category.includes the electrical switchyard, small 
exhaust stacks, unprotected wall and roof openings, outside 
wiring and cabling, and the like. Also, some building features 
can be vulnerable, such as a wall or roof with inadequate 
strength or bracing. A thorough walkdown of the site is neces­
sary so that the analyst can identify the vulnerable items, and 
can assign them high (often 100%) likelihood of failure in the 
wind storms of interest. The methodology for this aspect is 
sound, and the results reliable. 
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2) Well-Designed Structures: The key structures, such as the 
reactor building and auxiliary building, are usually well­
designed with a specific design basis traceable to one or another 
design code. In these cases, the design basis can serve as a 
starting point for the analysis of the wind speed, or tornado­
induced pressure drop, where failure might be expected. 

One important point must be made up-front, as follows: There is 
a consensus (Ref. Lawrence Livermore, 1989) that well-designed 
buildings, such as those designed to the NRC's current standards 
like the ANSI AS8.1 standard, can be confidently screened out for 
wind speeds with annual frequencies down to about 10-8 /year. The 
screening criteria have been documented recently (Ref. Lawrence 
Livermore, 1989). To the extent that this is true, it vastly 
simplifies the PRA analysis of wind-initiated accidents at 
nuclear power plants. 

There are several technical issues involved in this aspect of the 
analysis, which apply for those structures that cannot be 
screened out using the criteria referenced above: 

o First, "failure" must be defined --- usually it would be 
severe buckling or collapse that could compromise the safety 
equipment within, or collapse that could fall onto and 
damage important equipment. "Failure" usually does not 
include minor structural damage. The decision about what 
constitutes "failure" must be made by the structural analyst 
on a case-by-case basis, with the advice of a competent 
systems analyst, and considering tne specific safety 
equipment and safety functions that would be vulnerable. 
This aspect of the methodology is quite reliable and useful. 
This is especially true if a conservative assignment of 
"failure" is adequate. If the analysis requires a realistic 
model of damage and failure, there will probably be larger 
uncertainties in the judgments made here, although in 
general the results should be reasonably reliable. 

o Second, even if they are not screened out earlier, some 
strucb~res will be screened out here up to quite high wincl 
speeds as adequately strong. If the required extrapolations 
are within (or not too far above) the design basis wincl 
speed for the structure, this aspect can probably be done 
well by competent engineers, and the results will be 
reliable. 

o Third, for some structures it will be necessary to do 
specific analysis, to determine the "fra9ility curve" 
representing the likelihood of failure as a function of wind 
speed. Because the design codes have embedded conser­
vatisms, this involves, in essence, determining how much 
margin actually exists above the design basis for the 
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specific structure. A realistic analysis must translate 
wind speed (or in some cases pressure drop) into forces, and 
must correlate forces with structural capacities. It should 
take into account responses beyond the elastic limit, and 
may require extensive calculations, coupled with tie-ins to 
test data that may exist for some configurations. This 
analysis, although mature for many structures, is difficult 
for some other configurations, and there can sometimes be 
large uncertainties in the numerical results. Despite these 
occasional problems, developing fragility curves vs. wind 
speed for structures in extreme wind loadings is probably a 
more robust discipline than the same analysis problem for 
large earthquakes, and the results can usually be considered 
quite reliable. 

3) Equipment Within Structures: Most safety equipment is 
located inside buildings. For this equipment, it is necessary to 
figure out the circumstances under which structural "failure" 
would result in equipment "failure", meaning equipment unable to 
perform its safety function. 

Even when the definition of structural "failure" has been 
carefully selected, the usual assumption made here is that 
building "failure" implies failure of all equipment within or 
at least of all equipment tied into whatever part of the struc­
ture is analyzed as "failing"~ This can be a highly conservative 
assumption in some cases. If it is necessary to do better, the 
analyst can examine the mode of structural failure (full or 
partial) and the location of individual equipment items to 
ascertain whether they will actually fail given structural 
failure. This aspect of the methodology can be quite reliable if 
the expert judgments are competent. 

4) Tornado Missiles: Fortunately, the few PRAs that have 
addressed tornado missiles have found them not to be an important 
contributor. However, the potential for damage must still be 
addressed for each individual site. 

There are two issues with tornado missiles. First is the 
question of the "missile spectrum". Second is an assessment of 
the damage that they might cause. 

The subject of the missile spectrum (how many missiles of which 
types might be picked up, and their velocities) is difficult, in 
that there is a very wide variability in tornado-missile spectra 
from real tornadoes. The NRC's design requirements call for con­
sideration of a standard set of tornado missiles, which set is 
usually used as a starting point in PRA analysis. If a given 
structure has been designed for this spectrum of missiles, that 
fact can be an acceptable basis for screening out the structure. 

The damage-analysis oroblem arises for structures not so de-
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signed, or for unprotected outside equipment. First, a thorough 
analysis can determine the site-specific missile spectrum by 
surveying the site -- the results are used as input to the damage 
analysis (Ref. Twisdale, 1988). Qften, a conservative missile 
spectrum will be adequate for screening purposes. 

If conservative screening is not adequate, the analyst can fall 
back on a resource-intensive study of a variety of classes of 
missiles and their damage potentials for specific structures or 
outside equipment. Missiles can penetrate, cause local spalling, 
or create an overall dynamic load, depending on the missile type, 
the object struck, and how the object is struck. The methodology 
exists and has been exercised in a few cases, but is by no means 
commonly done (Ref. Twisdale, 1988). This methodology should be 
quite reliable if care is taken. 

V.E.3 Wind System~ Analy~i& 

As mentioned above, the objective of the extreme-wind response 
methodology is to calculate, for various large wind storms, the 
probability of core damage, Pcor which has previously been 
defined as the probability, given a wind storm large enough to 
cause more than minimal damage, that a core-damage accident will 
occur. 

Discussion of the Methodology: The systems-analysis work is very 
similar in broad outline to ordinary PRA systems analysis. It 
uses the same tools and types of data, and the same way Of 
setting up the analysis and solving it numerically. The follow­
ing paragraphs will point out a few special considerations. 

The analyst typically begins with the results of the wind 
fragility analysis, which will have determined which structures 
and equipment have suffered damage from the extreme wind (as a 
function of wind speed, etc.). The systems analyst must then 
take into account issues such as the random (non-wind-caused) 
likelihood that other vital equipment might be out-of-service due 
to testing, maintenance, operator error, or failure; the warning 
time that can enable plant staff to secure certain equipment and 
to place the plant in a safer state; and the ability of operators 
to recover certain wind-damaged or failed equipment, or to 
replace it with substitutes, or to find another way to accomplish 
the needed function. 

There are two special issues to discuss here: warning time and 
correlated failures. 

Sometimes, warning times may be long enough that the plant can be 
confidently assumed to be shut.down (hot or cold shutdown), so 
that only maintaining the shutdown state need be considered. 
This is especially likely to be true for hurricanes, less likely 
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for tornadoes that can sometimes strike with little or no 
warning. There may also be the possibility that certain antici­
patory actions can effectively prevent or mitigate the undesired 
damage. If this is the case (for example, when a hurricane 
strikes after more than, say, 24 hours' warning), the analysis is 
much simplified. 

The problem of analyzing correlations among wind-induced failures 
can be difficult. Usually, the assumption of complete correla­
tion for nearby equipment is made: for example, if a structure 
collapses the analyst usually assumes that all items of safety 
equipment within or dependent on the structure will be damaged 
and will all fail to perform their safety functions. A detailed 
numerical analysis of this issue that goes beyond this simplified 
assumption, while feasible is principle, is probably very 
difficult to accomplish in practice, and has therefore never been 
attempted in any PRA. 

The systems analysis requires developing one or more accident 
sequence event trees, that include the various equipment needed 
for safe shutdown, possible operator prevention and recovery 
actions, and the like. The success-or-failure numerical values 
on the event-tree branch points are then worked out using either 
data or fault trees. If we assume that the analyst has access to 
a completed internal-initiators PRA, then direct use can be made 
of such vital information as the emergency procedures and the 
support-system matrix. (Support systems such as AC power, 
instrument air, service water, and so on support the vital front­
line equipment.) Otherwise, the analyst must develop this 
information anew. 

The outcome of the systems analysis is the numerical value of Pco 
(actually, a Pco density function that captures uncertainties) 
for each of several (usually discrete) wind speeds of interest. 

Evaluation of the Methodology: As mentioned briefly above, the 
wind systems sub-methodology is, in its basic outline, a variant 
of the type of systems analysis that is now a well-developed, 
mature PRA discipline. While certain issues must be specially 
treated, every aspect of the methodology is fully within the 
routine capability of PRA analysts. Therefore, we conclude that 
any competent PRA systems analyst can perform this work, with no 
special training and only the minimal guidance that is readily 
available and easily learned. 
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V.F Eyaluation of the Extreme-Wind Consequence/Release 
Sub-Methodology 

Discussion of the Methodology: The objective of the extreme-wind 
consequence;release methodology is to calculate, for various wind 
storm "sizes" associated with various probabilities of core 
damage (Pc0), the probability PR. PR was defined in the intro­
ductory sub-section as follows: 

probability, given a core-damage accident from 
extreme winds, that the accident will evolve into 
a "radiological release" scenario. 

PR is a conditional probability. It usually differs from one 
core-damage accident sequence to the next. Each sequence 
requires separate treatment, depending on which items of safety 
equipment have been damaged by the wind storm, which other 
equipment has failed from other causes, which operator actions 
have contributed to the damage or mitigated the situatiou, and so 
on. PR. also obviously depends on how phenomena develop both 
within the primary system and in containment aft~~ core damage 
begins; how ex-plant radiological dispersion phenomena develop; 
and how sheltering and evacuation are accomplished. 

It is important that the analysis team consider a few special 
issues, such as the possibility that the external wind storm 
(especially if associated with other natural phenomena such as 
enormous rainfall) may affect containment integrity, either for 
the structure itself or, more likely, for the penetrations or 
other ways in which integrity can be compromised. 

Also, if the wind storm has caused extensive damage offsite, such 
as to roads and bridges, or widespread flooding, the effect of 
this damage on emergency evacuation must be assessed. 

Evaluation of the Methodology: The consequencejrelease methodo­
logy is, in its basic outline, a variant of the type of level-2 
and level-3 analysis that is now a well-developed, mature PRA 
discipline. The methods and data used are similar or identical, 
including the use of containment event trees (or accident­
progression event trees, as they are now often called) and 
oftsite consequence analysis codes. While a few issues must be 
specially treated, we conclude that any eompetent PRA level-
2/level-3 analysis team can perform this work, with no special 
training. 

Unfortunately, the existence of a workable methodology does not 
guarantee its successful execution. Specifically, because some 
of the special issues --- such as offsite damage and its effect 
on evacuation --- are difficult and highly uncertain, the 
reliability and usefulness of the results can be significantly 
compromised. This is not a fault of the methodology per se, but 
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rather a potential for the analyst to be incomplete in developing 
all of the issues fully. 

For this reason, it is quite important that the consequen­
ces/release analysis be reviewed to assure that its scope of 
coverage is adequate, and that no important issues are omitted or 
given only abbreviated treatment. 

V.G Evaluation of the "Bottom-Line" Results for Core-Damage 
Frequency and Offsite Risk. and the Key Risk Insights 

As the discussion above has indicated, the numerical uncertain­
ties in the bottom-line results can be large (plus-or-minus an 
order of magnitude would not be uncommon). This is due in part 
to limitations on the accuracy of realistic wind hazard esti­
mates, and in part to uncertainties in realistically calculating 
fragilities for structures, if it is found necessary to do so 
because a bounding approach isn't adequate. 

The principal engineering insights depend in part on the numeri­
cal "bottom-line" results but usually not in a major way. These 
insights involve the identification of specific structures that 
may be vulnerable to extreme-wind-caused damage, and of configu­
rations of safety systems and functions that, taken together, 
might lead to a core-damage accident. The configurations of 
interest can include contributions from non-wind-related failures 
and human errors, which can be identified using the full power of 
the PRA approach to do an integrated analysis. 

Despite the numerically large uncertainties in the "bottom-line" 
numbers, these uncertainties should generally not invalidate the 
key insights concerning potential wind-related vulnerabilities. 
Conversely, if no vulnerabilities are identified and the plant is 
judged to be well designed against wind-initiated accidents, this 
conclusion should be quite robust despite the numerical uncer­
tainties in the bottom-line numbers. 

'. 
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Typical Tornado, Hurricane, and 
Straight Wind Hazard Probability Models** 

* from (Ref. Kimura & Budnitz, 1987) 

** Note that the relative positions of the straight wind and 
hurricane probability model& could be interchanqed depending 
on the site. 
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VI. TRANSPORTATION ACCIDENTS 

VI.A Summary Evaluation 

In this section, we will discuss the usefulness and limitations of 
transportation accident PRA. The transportation modes that we 
will cover are: 

o aviation (commercial/general/military) 
o marine (ship/barge) 
o pipeline (gas/oil) 
o railroad 
o truck. 

Hazards from transportation accidents include: 

o direct collisions wltb plant structures (marine and aviation) 
o explosions and fire releases 
o hazardous material releases (e.g. chlorine) 

These accidents can cause (1) structural damage, (2) direct critical 
equipment damage or (3) injury or death to control room operators 
or other onsite personnel. 

1) How reliable is the methodology f'or determining the initiating 
event frequency? As with other external-event PRA analyses, the 
reliability of the methodology depends upon the quality of the data 
for the Initiating event frequency. 

Accident frequency data for railroads, aeneral aviation and 
commercial aviation are aood. Federal aaencies tabulate accident 
data and operating data on a relatively ~on~l$fl!nt basis and It b 
possible to make comparisons of accident and operatlna data on a 
yearly basis. 

For pipeline operations, mllltary aviation, and shlp/barae traffic, 
current reliable data have yet to be found. Up-to-date accident 
frequency Information does not exist for truck accidents. Federal 
agencies no longer collect tbe desired d.-ta. State aaeoch~s do 
collect data but cover only a limited portion of the total fleet 
population, and Industry data sources are us"•lly not compiled on a 
year-by-year basis. 

It Is Important to note that the data must be collected ln terms of 
the number of' hazardous shipments with information ·ancluding 
nhicle speed, type, weight, and type and amount of hazardous 
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material belna transported. Another Important point Is that the 
aenerlc accident data mlaht have to ·be modllled to allow for 
possible site-specific factors such as terrain, road and weather 
conditions near the plant. ~ 

2) How reliable Is the methodology for making consequence 
calculations? As with other external-event PRA analyses, the 
lnltlatlna event frequency serves as an Initial screenina nlue to 
place an upper bound value on the risk. If this frequency Is 
sufficiently low, then the entire category can be screened out and 
no further analysis Is necessary. 

If It Is not scree~ed out, then an analysis of plant responses should 
be done. This Involves calculation of the probablllty of the 
hazardous material detonating, catching fire, diftusing to the plant 
site, forcing the plant operators to evacuate or Isolate the control 
room, or damaging plant equipment. Any of these would result In a 
transient event, usually by precipitating a reactor scram. 

In limited cases, these calculations have been made. Chelapati, 
Kennedy and Wall (1972) have calculated the probablllty of 
penetration of a reinforced concrete wall as a function of plant 
location and concrete thickness for airplane crashes. In the 
Waterford 3 SER (1981), It was calculated that a denotation of a 
300,000-barrel gasoline tanker would produce at the plant a peak 
reflected overpressure of 2.7 psi. The SER concluded that this was 
an acceptable overpressure for the safety-related buildings. 

3) How reliable Is the overall methodology? Many plants dismiss 
the risk due to transportation accidents on the basis of a low 
Initiating event frequency. However, for most plants, traffic 
density has Increased over the years which makes re~al~ulatlon of 
accident frequency necessary. There are a few plants that are at 
potential risk from an accident mode besides airplanes. (All plants 
have the possibility of airplane crashes.) For these plants, 
probabilistic analysis of the plant's response to a nearby transpor­
tation accident should be considered lf the accident frequency Is 
too high, such as above about 1 x to-6 per year as sua.:ested by 
Kimura & Budnltz (1987). 

To date, a formal prol)~blll$tl~ plant response methndnlnsr;y fQr 
transportation accidents has not been developed. Upper bo .. nd 
assessments can be made only In terms of the lnltlatlna event 
frequency wlth the possibility of the inclusion of mltiaation, such 
as lsolatliig the control room or u:iilug an effective means of 
detecting natural gas leaking from a pipeline (see the Indian Point 
PRA, 1983). Of course, In many cases these assessments wlll be 
fully adequate. 
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VI.B Introduction --- A List of Potential Hazards 

A ranking of the potential hazards from transportation accidents, 
taken from Kimura & Budnitz (1987), is presented in Table VI.1. 
This ranking was based on factors that determine the magnitude 
of the hazard such as (1) the amount of energy released in an 
explosion or fire or (2) the amount of toxic material released. 
These factors include: 

o amount of hazardous material carried by each transpor-
tation mode shipment 

o speed of each transportation mode 

o mode vehicle weight 

o transportation mode route distance to the plant. 

"Direct collisions" ~re considered to be actual collisions by 
vehicles with plant structures within the exclusion area. Since 
pipelines cannot move, direct collisions do not apply. Acci­
dents "near" the plant are considered to be transportation 
accidents outside th~ plant exclusion area but within five miles 
of the reactor containment. (According to the NRC Standard 
Review Plan, a transportation accident within a S-mile plant 
radius is considered to be at least a potential hazard.) 
"Minor hazards" in Table VI.1 are dismissed from further consi­
deration. "Medium hazards", according to Kimura and Budnitz 
(1987), may need investigation, while "major hazards" definitely 
need further investigation from a risk assessment v.iewpoint. 

VI.C Transportation Fault Tree 

Figure VI-1 is a top level fault tree (also referred to as a 
master logic diagram). Figure VI-1 has six sheets. The fault 
tree serves as a focusing tool for the important events to be 
identified in transportation risk analysis. There are 60 end 
events (i.e., basic events) in this fault tree. This means that 
frequencies/conditional probabilities would have to be obtained 
for 60 events if this fault tree is to be quantified. 

These events are labeled E1 through E60. The transportation mode 
is indicated for each initiating event. , . Sheet 1 depicts the 
three generic ways by whicll. a core melt accident can develop,: 

o.: 

0 

direct vehicle impact :(within exclusion area).· 
• ( '· • 4 -

direct vehicle impact !.with hazardous · carg,o · aboard 
(within exclusion area) 
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o vehicle accident within plant vicinity with 
hazardous ¢argo aboard (outside exclusion area but 
inside a five-mile plant radius). 

A direct vehicle impact means an accident within the exclusion 
area of the plant. An accident within the plant vicinity means 
an accident outside the exclusion area but within the five mile 
radius of the plant. 

Sheet 1 of the fault tree shows that direct vehicle impact can be 
caused, for example, by airplane crashes or by barge/ship 
collisions with an intake structure (event El). The conditional 
probability of maj~r structural d~mage given direct impact (event 
E2) is needed for fault tree quantification. 

Sheets 2 and 3 depj,et the poccible events that can occur by 
direct vehicle impact with hazardous cargo on board. A hazardous 
cargo is any cargo which can detonate, burn, burn and release 
fumesjsmoke, or release toxic vaporsjgas. This includes (1) 
solid material such as dynamite or explosives, (2) liquids such 
as petroleum products, or (3) gas such as chlorine. The two 
transportation modes considered in this case are marine and 
aviation, since both can hit the plant directly with fuel on 
board. (In addition, barges/ships can carry other hazardous 
cargo as described above.) 

Sheet 2 describes the potential explosion or fire that can occur 
with a direct vehicle impact. Events E3 AHQ E4, and E7 AHQ E8 
represent accident initiating events. Events ES, E6, E9 and ElO 
represent conditions and responses that are necessary for plant 
damage to occur. 

Sheet 3 describes the possible injury modes for the operators or 
other onsite personnel: · 

o trauma from falling objects, shrapnel from explosions 

o burns due to fires or explosions 

o asphyxiation due to fires/explosions (oxygen denial, 
smoke) 

o poisoning due to toxic·gas. 

Mitigation measures against toxic gas poisoning include control 
room isolation. 

Sheets 4, 5 and 6 describe transportation accidents that can 
occur within the plant vicinity. These are similar in develop­
ment to sheets 2 and 3 with the following exceptions: 

o aircraft carry little or no toxic material on board, so 
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0 

0 

0 

VI.D 

if the aircraft does not hit the plant, it is assumed 
that there is no plant hazard 

flammable solid materials, unlike flammable liquids or 
gases, cannot drift toward t_he plant before detonation 

flame fronts or shock waves can be generated at various 
distances from the plant depending upon the location of 
the accident and cloud drift; the conditional probabi­
lity of plant damage must be calculated, given that 
these flame fronts or shocks waves are generated at a 
specified distance. 

there is more time for operator mitigation, such as 
control room isolation, for events involving toxic gas 
release or smoke/fume release from fires. 

Accident Frequencies Near the Site 

As described in the previous section, the frequency of transpor­
tation accidents near the plant site must be calculated in order . 
to quantify the fault trees shown on sheets 4, 5 and 6 of Figure 

·. VI .1. 

Generally, accident rates are tabulated in terms of vehicle­
miles. In order to determine the frequency of transportation 
accidents near the plant site, the number of vehicle-miles per 
year ~ the plant must be determined. As described above, an 

, area of radius 5 miles is used. 

Next, the length of the transportation route within the 5 mile 
radius must be calculated. As shown-in Figure VI.2, the offset 
distance D must be known. The vehicle hazard distance L is 
defined by the distance that is traveled by vehicles which are a 
potential hazard to the plant and are within 5 miles of the plant . 
site. If the offset distance D of a transportation route is 
zero, then the vehicle hazard distance is 10 miles because the 
transportation route goes through the plant site ·and all vehicles 
that travel on that route within 5 miles of the plant must be 
considered a hazard. 

As shown on Figure VI.2, the expression for the vehicle hazard 
distance L is .given by: 

L = (100 
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Once the vehicle hazard distance for a transportation route near 
the site has been determined, then the number of vehicles that 
travel that route per year must be determined. The number of 
vehicle miles is then 

Vehicle MilesjYear = L x No. of shipments/year. 

Finally, the frequency of transportation accidents within five 
miles of a plant site is then: 

Transportation 
Accidents per 
year within 5 
miles of site 

Vehicle Miles 
= per year within 

5 miles of site 
X 

Vehicle 
Accident 
Rate 

The vehicle accident rate aata must be obtained for each 
t:ta:m:>l.IUL LdLlun mode. 
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Transportation 
Mode 

Aviation 

Marine 

Pipeline 

Railroad 

Truck 

N.A. = 
Minor = 
Medium = 
Major = 

TABLE Vl.l 

(From Kimura and Budnitz, 1987) 

POTENTIAL HAZARDS FROM TRANSPORTATION 
ACCIDENTS TO NUCLEAR POWER PLANTS 

Accidents within 
Plant Exclusion Area 

Direct 
Collision 
with Plant 
Structures 

Major 

Major 

N.A. 

Minor 

Minor 

Not Applicable 

Explosion, 
Fire 
Release 

Major 

Major 

Major 

Major 

Medium 

Not Investigated Further 
May Need To Be Investigated Further 
Should Be Investigated Further 
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Hazardous 
Material 
Release 

Minor 

Major 

Major 

Major 

Medium 

Accidents Outside of 
Exclusion Area But 
Within Five Miles of 
Reactor Containment(s) 

Explosion, 
Fire 

Minor 

Major 

Major 

Major 

Medium 

Hazardous 
Material 

Minor 

Major 

Major 

Major 

Medium 
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